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SYNOPSIS 
Corrosion of materials leads to prodigious economical and human losses in 
addition to degradation of environment. The perfomnance of cooling water 
systems, integral part of most of the industries, goes downhill due to 
corrosion, scale formation and biological fouling. These problems are a 
potential threat to both the high capital investment and capital loss due to 
frequent shutdown of the industry. Due to paucity of fresh water reserves, 
seawater has found its application in cooling water systems particularly in 
industries situated in coastal regions. Seawater is an aggressive medium and 
requires more research efforts to get the better of corrosion /scale problems. 
Cooling water treatment has assumed great importance due to strict 
environmental legislations on the content of the blowdown. Numerous 
breakthroughs have occurred in the formulation of cooling water inhibitors, the 
recent trend being the fomiulation of non-chromate environmentally safe 
inhibitors. The present study was undertaken with an aim to fomnulate 
environmentally safe green compounds as cooling water inhibitors. 
Aqueous extracts of plant materials, available in plenty and at very low cost, 
were tried as cooling water inhibitors for mild steel and brass. Out of the 
numerous natural compounds tried, the following compounds exhibited 
excellent corrosion inhibition efficiency for mild steel. However, they were not 
effective in preventing the corrosion of brass, the maximum corrosion 
inhibition efficiency achieved v\/as 30%. The plant extracts studied vi/ere 
Azadirachta indica, Cordia latifolia, Eucalyptis, Hibiscus, Jasminum 
auriculatum, Momordica charantia, and Punica granatum. 
The corrosion inhibition efficiencies of these compounds were evaluated with 
the help of weight loss, potentiodynamic and impedance techniques. 
Antiscaling and biocidal efficiencies of the compounds were studied too. 
Calcium tolerance tests were carried out to assess the efficacy of the 
compounds in water containing high calcium hardness. Compatibility of these 
compounds with chlorine, the common oxidizing biocide for cooling water, 
was found out through chlorine tolerance tests. The performance of these 
compounds was compared with that of HEDP, the commonly used cooling 
water inhibitor. Blending of HEDP with natural compounds was done to 
investigate possible synergism. Surface analysis of specimens was carried 
out with the help of SEM and XRD. As the natural compounds did not inhibit 
corrosion of brass, a novel class of triazole was synthesized in the laboratory 
and was investigated for inhibition of dezincification of arsenic free 70/30 
brass. The blowdown of the cooling water was analyzed for environmental 
parameters like, pH, BOD, COD. Tests for aquatic toxicity were performed 
too. 
The aqueous extracts of the plant materials were effective in preventing the 
corrosion of mild steel and the order of inhibition efficiencies, IE, was 
Azadirachta (86.1) > Cordia (84) > Momordica (82.4) > Eucalyptus (81.6) > 
Jasminum (81) > Punica (79) > Hibiscus (76). The IE exhibited by plant 
extracts was comparable to that of HEDP. Blending of HEDP with plant 
extracts has resulted in the enhancennent of IE of the extracts of Azadirachta, 
Cordia and Eucalyptus, while the rest of the plant materials did not show 
synergism. The performance of the plant materials was unaffected under 
simulated cooling water conditions, as IE did not decrease under dynamic 
conditions. The extracts of the plant materials follow Temkin's adsorption 
isotherm. The corrosion inhibition mechanism exhibited by the extract of 
Azadirachta, Cordia, Eucalyptus, Hibiscus and Punica was predominantly 
under cathodic control while inhibition by Momordica and Jasminum was 
predominantly under anodic control. Impedance studies indicate the coverage 
of metal surface with intermediate species of corrosion reaction. The plant 
extracts were effective in preventing the scale fonnation. The scale inhibition 
efficiencies of the extracts were Azadirachta (98)> Cordia (95)> Eucalyptus 
(90)> Jasminum (82)> Punica (73)> HEDP (65)> Hibiscus (58)> Momordica 
(51). All the plant extracts except Cordia and Momordica showed better 
calcium tolerance, i.e. they would be effective under high calcium hardness 
conditions.. Moreover, the plant extracts were found chlorine compatible too. 
XRD and SEM studies further confirmed the inhibitive nature of plant extracts. 
The biocidal effect of plant extracts was evaluated using total plate count 
tests. It was found that the extract of Cordia was 100% effective in inhibiting 
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the growth of microbes, while the rest of the plant extracts were ineffective in 
inhibiting microbial growth. 
As the plant extracts were ineffective in preventing the corrosion inhibition of 
brass, amino alkyl mercapto triazoles were synthesized and tried as inhibitors 
for brass. The amino alkyl mercapto triazole derivatives proved excellent 
corrosion inhibitors for brass and the order of IE was Amino Propyl Mercapto 
Triazole (95.5) > Amino Ethyl Mercapto Triazole (93.6) > Amino Methyl 
Mercapto triazole (91.5). These triazole derivatives were effective under static 
as well as dynamic conditions. Further, these derivatives were effective in 
retarding the dissolution of zinc and the minimum zinc concentration was 0.35 
mg/l. The triazoles were found chlorine resistant too. 
The blowdown of the cooling system contained COD values within the 
permissible limit while BOD values were slightly higher than the permissible 
values. The nitrogenous oxygen demand in the blowdown was nil except for 
the blowdown of Cordia and Momordica. Nitrogenous demand indirectly 
reflects the presence of ammonia nitrogen. Nitrogenous oxygen demand 
should be as low as possible because the presence of nitrogenous 
compounds results in eutrophication. The plant extracts were found safe to 
aquatic life as the aquatic toxicity tests showed zero mortality for all plant 
extracts. 
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1.1 General 
Corrosion of materials leads to prodigious economical and human losses 
in addition to degradation of environment. Cooling water system is an intrinsic 
part of most of the industries. The performance of cooling water systems goes 
downhill due to following three problems: 
• Corrosion of materials of components 
• Scale formation on the important parts 
• Micro and macro fouling of components, particularly, heat exchangers. 
These problems are a potential threat to both the high capital investment 
and capital loss due to frequent shutdown of the industry. 
Due to paucity of fresh water reserves, seawater has found its application in 
cooling water systems, particularly in industries situated in coastal regions, 
and as a medium for energy generation, oil and mineral exploration. Seawater 
is an aggressive medium and requires more research efforts to get the better 
of corrosion/scale problems 
The advent of numerous alloys and glass-coated stainless steel has 
reduced corrosion problems. However, advancements in the use of corrosion 
inhibitors for cooling water treatment are incorporated due to many 
technological and economic related regulations. Environmental regulations 
require stringent control on the composition of cooling water blowdown 
discharged to receiving streams. Numerous additives have been used in the 
past for the control of corrosion and scale deposits. Inorganic inhibitors, like, 
chromates, zinc, nitrites, molybdates, polyphosphates, etc., have been 
successfully used as inhibitor formulations for cooling waters. In spite of the 
low concentrations, these inhibitors are still a burden to the environment, as 
they are often discharged to the surface waters without further treatment. Zinc 
and molybdenum represent heavy metals; phosphate and phosphonates, 
which are eventually converted to phosphates, contribute to eutrophication of 
surface waters. Moreover, most of the phosphates are poorly biodegradable. 
Reuse of water in open recirculating cooling water systems becomes 
limited due to scale deposits. In the past scales have been controlled either by 
addition of acids or polymers. However, due to workers safety and 
environment protection point of view, the use of acids has declined. Thus, the 
goal is the formulation of low toxic environment friendly compounds for 
cooling water treatment. 
Brass has been extensively used for engineering purposes where 
electrical and thermal conductivity, corrosion resistance, high ductility and 
retention of tensile strength at extremely low temperatures is required .As 
such brass finds wide application in the manufacture of valves, heat 
exchangers, engine parts, pumps and as components in cooling water 
systems. Studies on corrosion phenomenon of brass assume significance due 
to a corrosion process known as dezincification wherein selective dissolution 
of zinc occurs. Many organic compounds have been used as corrosion 
inhibitors for brass in different media, but no research efforts have been made 
towards the analysis of blowdown and acceptability of these compounds to 
the environment. 
1.2 Aim of Study 
In the present study, efforts shall be made to formulate environment 
friendly cooling water inhibitors for mild steel and brass. Aqueous extracts of a 
number of plant materials, available in plenty and at very low cost in India, 
shall be tried as cooling water inhibitors. The corrosion inhibition efficiencies 
of these compounds shall be evaluated under static as well as dynamic 
conditions and with the help of different techniques, viz., weight loss, 
polarization and impedance. The natural compounds shall also be analyzed 
for their antiscaling and blocidal efficiencies. The performance of these 
compounds shall be compared with that of Hydroxy ethylidine diphosphonic 
acid (HEDP), the most preferred cooling water inhibitor. Possible synergism of 
HEDP with natural compounds shall be studied. The efficacy of these 
compounds in hard water (excess calcium concentration) and in the presence 
of chlorine shall be investigated too. The mechanism of inhibition shall be 
found out with different surface analysis techniques, vi;^., XRD, SEM, etc. 
A novel class of triazoles shall be synthesized and would be 
investigated for the inhibition of dezincification of 70/30 arsenic free brass. 
The performance of these compounds in the presence of chlorine shall be 
studied too. 
The blowdown of the cooling water system must conform to the 
environmental standards before disposal to surface waters/land. Hence, the 
blowdown shall be analyzed for environmental parameters of significance. 
Possible treatment of blowdown for removal of contaminants, if present, shall 
be carried out on laboratory scale. The toxicity of natural compounds to 
aquatic life shall be investigated too. 

2.1 General 
Process industries require enormous amounts of water to provide 
necessary heat reduction at various stages of manufacturing process. This 
heat reduction is carried out in cooling water systems. Cooling water systems, 
intrinsic part of most of the industries, are broadly grouped into three types, 
viz., once through, open recirculating and closed recirculating systems. Fig. 
2.1 shows the sketches of different cooling water systems. The characteristics 
of cooling water systems are as follows: 
2.1.1 Once Through System 
In the once through system cooling water passes through the heat 
transfer equipment only once before it is discarded as waste. The system is 
highly uneconomical as large amount of water is used and only a small 
temperature change occurs across the heat exchanger. However, the mineral 
content of water remains essentially the same. The application of once 
through systems is limited to areas with an abundant water source and to 
systems requiring marginal amounts of cooling water. 
2.1.2 Open Recirculating System 
The system water which is used to absorb heat from the hot process 
fluids/ heat transfer equipment is cooled by evaporation in a cooling tower or a 
spray pond and recycled again and again through cooling equipment. In 
cooling tower operations, the water cascade occurs. Make up water is added 
to compensate the evaporative losses. Due to scarcity of water resources. 
open recirculating cooling water system is the most favoured system since it 
reduces water consumption by over 90%. As evaporation proceeds, the 
dissolved solids content of the water increases until solubility considerations 
necessitate its limitation (i.e. by blowdown). Intimate contact of the 
recirculating water with the atmosphere keeps the dissolved oxygen content 
of the recirculating water near saturation. Both of these factors - high content 
of dissolved solids and oxygen increases the corrosivety of water. 
2.1.3 Closed Recirculating System 
In this system, water recirculates in a closed cycle and is subjected to 
alternate cooling and heating without air contact. The heat absorbed from 
heat transfer equipment is dissipated into another heat sink, which is cooled 
by other methods. As there is no evaporation losses, the make up water 
requirement is minimal and the mineral content of the water remains 
essentially constant. Closed recirculating system is employed only in special 
circumstances. 
Successful cooling water treatment programs must control corrosion, 
scales and microbial fouling. All of these problems are interrelated and no one 
can be isolated from the other. For example, scaling occurs more rapidly in a 
corroding system, microbially induced corrosion is a potentially serious 
problem in almost all-cooling water systems. Modern scale and corrosion 
inhibition chemicals do not work unless microbial fouling is controlled. In 
cooling water systems corrosion refers to the damage caused to steel and 
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Fig. 2.1 Different Types of Cooling Water Systems 
other metals in the system by reactions of the metal with dissolved salts, 
organic compounds and gases in the cooling water. Major problems resulting 
from uncontrolled corrosion are damage to heat transfer equipment, plugging 
of narrow cooling water flow passages with corrosion products, loss of heat 
transfer by fouling with corrosion products and deactivation of cooling water 
treatment chemicals by reactions with soluble or precipitated iron in the 
system. 
2.2 Problems in Cooling Water Systems 
2.2.1 Corrosion 
Iron reacts with dissolved oxygen in the cooling water to form ferrous 
hydroxide, which in most cases is further oxidized to ferric hydroxide 
Fe ° + 72 O 2 + H2O ^ Fe(0H)2 
2 Fe(0H)2 + Vz O2 + H2O ^ 2 Fe(0H)3 
These reactions are responsible for imparting red color to cooling water 
in rapidly corroding systems, and the deposition of iron oxide on the heat 
transfer surfaces. 
However, in reality, these reactions are much more complicated. 
Aqueous corrosion is an electrochemical process, i.e., the overall reaction 
involves oxidation of one chemical species (iron), a reduction of second 
species (dissolved oxygen) and transfer of electrons through the medium 
(water and metal) between the two species. 
The reactions, can therefore, be separated into two parts that occur at 
different points on the metal surface, called anodes and cathodes. On the 
anodic sites, iron dissolves and electrons are released 
Fe° -^ Fe^' + 2e" 
While, on the cathodic sites, oxygen is reduced, electrons are 
absorbed from the metal and hydroxy! ions are formed in water 
1/2 O2 + H2O + 2e' -^ 20H' 
The corrosion current results from the generation and absorption of 
electrons in the metal, and the corresponding flow of positive and negative 
ions in solution. 
If anodes and cathodes are uniformly distributed over the metal 
surface, and change positions with time, uniform or general corrosion occurs. 
If anodes and cathodes remain fixed so that metal is lost preferentially from 
some parts of the surface, the result is localized corrosion or pitting. 
2.2.2 Scale Formation 
Scales are inorganic mineral deposits precipitated in the system from 
saturated solutions of these minerals. Calcium carbonate, calcium phosphate, 
and calcium sulfate are the most common mineral scales encountered in 
cooling water systems. Silica and magnesium silicate can form scales in 
waters high in these materials. 
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Scale deposits are detrimental to heat transfer surfaces. Even as little 
as 1/32 inch of calcium carbonate, can seriously impede heat transfer. 
Calcium carbonate precipitation is most likely to occur on hot metal surfaces 
as the solubility of calcium carbonate decreases with increasing temperature. 
The scaling tendency of cooling water is dependent upon the alkalinity, 
calcium hardness, temperature and dissolved solids. These parameters 
define the pH at which calcium carbonate will become saturated in the 
system. This pH is called the pHs for calcium carbonate. It is a characteristic 
of each cooling wa'ter system. Langelier (1) derived the pHs from solubility 
data and defined the Langelier Index as (L.I.) 
L.I. = pH - pHs 
If the langelier index is positive, calcium carbonate will tend to precipitate, and 
the water is said to be scaling. While, if the langelier index is negative, 
calcium carbonate will dissolve, and the water is termed as non-scaling. 
Based upon langelier index, Ryzner (2) developed an empirical relationship, 
and in some cases, more accurately predicts the scaling tendency of a cooling 
water system. The Ryzner Index or Stability Index (S.I.) is defined as 
S.I. = 2pHs - pH 
Water with a stability index of 6 is said to be stable i.e., non-corrosive & non-
scaling. A stability index below 6 indicates that water is scaling while values of 
S.I. greater than 6 indicate non-scaling tendency of water. Attempts have 
been made to improve the reliability of the langelier and stability indexes 
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(3,4,5) but the basic indexes are still widely used. Similar scaling indexes 
have been defined for calcium phosphate, calcium sulfate, and other scaling 
minerals. Several computer models have been developed to predict solubility 
and precipitating tendencies in cooling water (6). 
2.2.3 Fouling 
Fouling refers to deposition of any material other than mineral scales 
and include silt and suspended organic matter in the make up water, debris 
scrubbed from the air in the tower, corrosion products and mill scales, and 
deposits from biological growth in the system (called blofouling). Loss of heat 
transfer and possible under deposit corrosion are the problems caused by 
suspended solids. 
Biofouling refers to deposits formed by microbiological organisms 
growing in the cooling water systems. Cooling water systems are attractive 
locations for microbial colonization because they furnish an incubator milieu 
(7). Biofilm occurrence was documented in ultra pure water systems, also (8). 
Aggregation of biofilms on heat exchanger surfaces increases energy 
consumption and health risk, decrease efficiencies of biocides and corrosion 
inhibitors and in extreme cases can lead to heat exchanger blockage and 
malfunctioning (9). Large masses of microorganisms contribute to crevice 
corrosion and pitting (10). The biofilm also limits the ability of filming inhibitors 
to reach the metal surfaces, therefore corrosion inhibition is compromised. 
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The large surface area of the biofilm absorbs surface active water 
conditioning chemicals, thus dosage requirements are increased. 
Cooling water is generally saturated with dissolved oxygen, but under 
deposits and in low flow areas, the dissolved oxygen level is generally low 
enough to support anaerobic bacteria. 
Many different organisms may be expected to inhabit a typical cooling 
water system, of which algae are the most visible forms of biofouling. Algae 
require sunlight and grow wherever cooling water is exposed to light. Algae 
are microorganisms that can reproduce to develop algae films 300 mm to 
400-mm thick (11) or may grow out in long strands that can attach to surfaces. 
Algae are frequently classified into two broad categories: blue green algae 
and green algae. The former are actually bacteria, called cyanobacteria, while 
the green algae are comprised of eukaryotic cells and are closely related to 
green plants. Algae do not grow in enclosed heat exchangers, but algae 
masses sloughed off the tower can create a serious fouling problem in the 
exchangers. Since algae consume dissolved oxygen, the area beneath alga 
deposits often becomes home for anaerobic bacteria. 
Aerobic slim forming bacteria create the gray, mucous like deposits 
commonly found in biologically fouled heat exchangers. Biological slims are, 
mostly water, held immobile on the surface by the biological structure. Since 
water has a high heat capacity, these films are excellent insulators and 
severely impede heat transfer. Uncontrolled slim growths have been known to 
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force shutdowns of the process cooling systems in less than two days. 
Anaerobic bacteria in cooling water systems do not require oxygen, instead, 
they obtain energy by reducing inorganic ions like sulfates and nitrates. The 
presence of anaerobic bacteria is highly undesirable, as the products of their 
metabolism are acids and H2S, which are very corrosive to steel and many 
alloys. 
The anaerobic bacteria of concern in corrosion studies are the sulfate 
reducers. These bacteria are often collected in crevices and underdeposits 
where dissolved oxygen is absent. They may also be found in old alga 
deposits. Sulfate reducing bacteria produce hydrogen sulfide, which attacks 
the metals in under the deposits to form deep pits. A black deposit of ferrous 
sulfide is usually found in the pit, and sometimes an odour of hydrogen sulfide 
can be detected (12) 
2.3 COOLING WATER TREATMENT 
2.3.1 General 
Treating the cooling water system with chemical formulations to 
overcome corrosion, scaling and fouling, is very important for trouble free 
operation. Inhibitors, small additions, reduce the aggressiveness of the 
environment towards metal. The role of cooling water inhibitors in industries is 
to permit more extensive use of iron and carbon or low alloy steel by 
protecting them from the corrosive medium, while at the same time reducing 
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the maintenance/inspection and the frequency of shutdowns. This is generally 
more attractive in open or closed recirculating systems. 
Since different metals are used throughout the network of the system, 
metal picked up in one area can result in deposition and the setting up of 
galvanic couples in another. Inhibition in cooling circuits requires more than 
the simple addition of inhibitors; the conditions must be favourable for the 
inhibitor to work effectively 
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2.3.2 Factors Affecting Cooling Water Treatment 
The factors that affect the inhibition of cooling water systems are (13) 
a) Oxygen saturation at the cooling tower 
b) Ingress of water soluble gaseous components such as sulfur dioxide due 
to scrubbing action of the towers 
c) pH 
d) Total dissolved solids of make up water 
e) Algae spores, which may proliferate readily 
f) Contamination due to leakage 
g) Sulfate reducing bacteria (SRB) 
h) Silt and solids 
2.4 Cooling Water Treatment Chemicals (Inhibitors) 
Use of inhibitors in controlling corrosion in cooling water systems is an 
established technology. ISO definition of an inhibitor is (14): 
"Chemical substances which decreases the corrosion rate when present in 
the corrosion system at a suitable concentration without significantly changing 
the concentration of any other corrosive agent". 
According to NACE (15), "An inhibitor is a substance that, when added 
in small concentrations to an environment, decreases the corrosion rate" 
For an inhibitor treatment to be effective, it must meet some important criteria. 
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a) The entire metal must be protected from corrosion 
b) Low concentrations of inhibitor must be effective 
c) The inhibitor must be effective under a wide range of conditions such as 
pH, temperature, heat flux and water quality 
d) It should not produce deposits on the metal surface, which impede heat 
transfer. 
e) It should be environment acceptable 
f) It should prevent the formation of scales of carbonates and sulfates 
g) It should combat biological activity due to microorganisms. 
2.4.1 Types Of Inhibitors 
Inhibitors have been classified on the basis of their chemical nature, 
corrosive medium and methods of corrosion control. The main classes of 
inhibitors are as follows: 
2.4.1.1 Anodic Inhibitors 
They enhance the potential of the metal by polarization of the anodes. 
Generally anodic inhibitors can fully prevent corrosion and retain surfaces in 
their original clean conditions. However, they are susceptible to the presence 
of aggressive ions, like, halides, sulfates and nitrates. They may allow severe 
local attack of the metal when inhibition is less than fully effective and are thus 
classified as dangerous inhibitors Chromates, orthophosphate, nitrite, 
molybdate and silicates are the examples of anodic inhibitors. 
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In the presence of anodic inhibitors, displacement in corrosion potential 
(Ecorr) takes place in positive direction. Anodic inhibitors, which cause a large 
shift in corrosion potential, are called passivating inhibitors. If corrosion of a 
metal or alloy is controlled by the anodic reaction, the decrease in overall 
corrosion rate would be proportional to the portion of the anodic areas being 
polarized. The inhibition mechanism of the anodic corrosion inhibitors has 
been a matter of long dispute. One theory supports the formation of protective 
insoluble film on metals in the presence of the inhibitors while, the other can 
be understood in such a way that, the inhibitors get adsorbed by specific force 
interaction or through chemisorption on the surface of metals. 
2.4.1.2 Cathodic Inhibitors 
Cathodic inhibitors impede the cathodic reaction. Cathodic inhibitors, 
less effective than anodic, are less susceptible to aggressive ions but require 
movement of solution to achieve maximum efficiency. Cations are usually 
necessary for achieving the inhibition of cathodic sites. Cathodic inhibitors are 
considered safe because localized corrosion does not occur at low 
concentrations. Zinc, phosphates and salts of metals are examples of 
cathodic inhibitors. 
Cathodic Inhibitors displace the corrosion potential (Ecorr) in the 
negative direction and reduce corrosion current. The cathodic inhibitors, with 
a few exceptions, do not lead to intensified or localized attack since cathodic 
areas are not attacked during corrosion. The mechanism of cathodic 
inhibitors, as proposed by Bockris and Conway (16) is due to an increase of 
the hydrogen over voltage rather than by an adsorbed inhibitor film on the 
metal surface. Hov\/ever, the most accepted theory of cathodic inhibition being 
the adsorption of inhibitors on the metal surface (17). 
2.4.1.3 Screening (film forming) Inhibitors 
They cover the metal surface and prevent the access of the corrosive 
environment. Instead of reacting with or removing an active corrosion species, 
filming Inhibitors function by strong adsorption, or chemisorption, and 
decrease attack by creating a barrier between the metal and the environment 
(18). Screening inhibitors, like, soluble oils and tannins are less susceptible to 
aggressive ions. The presence of films of some thickness on the metal 
surface may affect processes of heat transfer and fluid transfer although there 
is little documentary evidence of such effects. Instead of reacting with or 
removing an active corrosive species, they function by strong adsorption, 
chemisorption. 
2.4.1.4 Mixed Inhibitors 
They inhibit both the cathodic and anodic reactions. Glue, gelatin and 
other high molecular weight substances fall in this category. Their inhibitive 
action on the metal - liquid interface is due to their concentration or 
coagulation, thereby shielding the metal surface. It has been reported that 
they form a porous layer, which increases the electrical resistance of the 
surface layers (19,20). 
2.4.1.5 Vapor Phase Inhibitors 
The substances, which protect metallic materials against atmospheric 
corrosion due to their volatile nature, are called vapour phase inhibitors or 
volatile corrosion inhibitors. Volatile solids such as nitrates and benzoates, 
salts of dichlorohexyl amine and cyclohexylamine are used in closed spaces 
like shipping containers. The inhibitor vapour condenses on metal surface and 
is hydrolyzed by moisture present and protects the metal (21). 
2.4.1.6 Acid/ Alkaline/ Neutral Inhibitors 
Acid inhibitors include inorganic and organic inhibitors. Br and I (22) 
have been found to be effective inhibitors for acid solutions. Various classes 
of organic compounds, such as, alcohols, amines, aldehydes, mercaptons, 
alkaloids, aliphatic, aromatic, heterocyclics, fatty acids, polymers, natural 
products and some condensation products have been extensively used as 
corrosion inhibitors in recent past. Schimitt (23) has reviewed a large number 
of acid inhibitors. The study of various organic compounds in relation to their 
different environments has been excellently reviewed by Sanyal (24). The 
compounds, which are used in neutral and alkaline medium, are discussed in 
detail in later section. 
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2.5 Corrosion Monitoring Techniques 
2.5.1 Weight Loss Studies 
The weight loss method is the most reliable technique of corrosion rate 
measurement. Usually the results of electrochemical measurements are 
compared with weight loss data. The weight loss of corroded samples can be 
expressed in a number of ways, such as, mils per year (mpy), milligrams per 
square decimeter per day (mdd) and millimils per year (mmpy). The various 
expressions for calculation of corrosion rates are as follows: 
(i) mpy = 82.75XW/(aXtXd) 
(W= Weight loss in grams, a = area of the specimen in 
square inches, d = density of specimen in gm/cm^, 
t = time in hours ) 
(ii) mdd= 53.5 X W / ( aX t ) 
( a = area in square cm, rest same as above) 
(iii) mmpy = 87.6 X W / ( d X a X t ) 
( a = area in square cm, rest as above ) 
Inhibition Efficiency (IE) and Surface Coverage (G) were calculated by using 
the formula 
I.E. (%) = Uninhibited Corrosion Rate - Inhibited Corrosion Rate x 100 
Uninhibited Corrosion Rate 
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(9) = Uninhibited Corrosion Rate - Inhibited Corrosion Rate 
Uninhibited Corrosion Rate 
2.5.2 Poientiodynamic Polarization Studies 
This technique can be used to continuously monitor corrosion under a 
variety of environmerital conditions. In this method the behavior of inhibitor is 
understood by drav/ing Tafel's plots in the absence and presence of inhibitors. 
Electrochemical corrosion rate measurements have numerous advantages 
over conventional weight loss techniques, and are as follows: 
1. They permit rapid corrosion rate measurement and can be used to 
monitor corrosion rate in various process streams. 
2. These techniques may be used for the accurate measurement of very low 
corrosion rate, (less than 0.1 mpy), especially important in nuclear, 
pharmaceutical and food processing industries. 
3. Electrochemical corrosion rate measurements may be used to measure 
the corrosion rate of structures that cannot be usually inspected or 
subjected to weight loss tests. Underground pipes tanks and large 
chemical plant components are examples. 
However, the tests performed in low conducting electrolytes can yield 
erroneous results if the electrolyte resistance is not considered. Hence linear 
polarization results should always be compared with weight loss or any other 
corrosion rates measurement to ensure accuracy of the technique. 
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Various corrosion parameters such as corrosion potential ( Ecorr), 
corrosion current density (Icorr) and Tafel's constants ( ba and be) were 
calculated from Tafel's plot . Inhibition efficiency was calculated from the 
following formula 
'ocorr " ' corr 
I.E. = X100 
'ocorr 
Where locorr = Corrosion current density without inhibitor 
Icorr = Corrosion current density without inhibitor 
Pa-Pc 1 
The corrosion current is given by: I corr = X 
2.3 (Pa + Pc) Rp 
2.5.3 Electrochemical AC Impedance Studies 
The Electrochemical Impedance Spectroscopy is a very effective way, 
which is widely used in measu ing the electrochemical characteristics of 
interface of corrosion electrode to study the corrosion mechanism (25). EIS 
was successfully employed for understanding the mechanism of corrosion 
inhibition in high flow velocity medium (26). Impedance technique (27) has 
become a popular tool for the measurement of corrosion rate in recent years. 
The method has been frequently used to determine the mechanism of 
corrosion process. This technique can be successfully used in low conducting 
systems. Nyquist plots are drawn for the inhibited and uninhibited test solution 
employing a wide frequency range. The real part (Z') and the imaginary part 
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(Z") of the cell impedance were measured for various frequencies. The 
charge transfer resistance ( Rt ) is calculated by taking the difference in 
impedance values obtained in high and low frequency intercepts of the real 
axis. The corrosion parameters, such as, double layer capacitance (Cdi ) is 
calculated from the Bode's plot 
2.5.4 Electrochemical Noise Analysis 
The phenomenon of electrochemical noise measured during corrosion 
processes has received considerable attention over the last twenty years 
(28,29). It is concluded from several studies (30,31) that the analysis of 
electrochemical noise generated during electrochemical processes can 
distinguish between various types of corrosion and can also assess corrosion 
rate. The noise resistance has been empirically correlated to the polarization 
resistance in order to calculate the corrosion rate (32). The electrochemical 
noise analysis as a type of dynamic system analysis without small signal 
stimulation is a very suitable method for investigating perturbations in the 
dynamic equilibrium of the passive stage of nucleation or initiation processes, 
especially in aluminum or aluminum alloys (33). 
2.5.5 Harmonic Analysis 
In recent years there have been frequent attempts of using harmonic 
analysis for investigations of corrosion systems. Harmonic analysis enables, 
during a single short lasting measurement, the determination of the full kinetic 
characteristics of a system, i.e., determination of the corrosion current and 
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Tafel's coefficients. As a non-destructive method, it can be the basis of a very 
facile measurement technique enabling long term monitoring of corrosion 
process in real conditions (34,35). 
Harmonic analysis is based on perturbations of the investigated 
corrosion system with a voltage sinusoid signal of given amplitude and 
frequency and the subsequent analysis of the current response in the 
frequency domain. 
Studies on the application of harmonic analysis for investigations of 
electrochemical systems were started in Hungary. Measurements are carried 
out at frequencies of 1 Hz or lower to eliminate the effect of capacitance. In 
recent years harmonic impedance spectroscopy (H.I.S) has been intensively 
developed. It is based on determination of impedance spectra in a wide range 
of frequencies for consecutive harmonic components. Attempts have been 
made of using this technique for determination of corrosion rate in cathodic 
polarization conditions (36,37). 
2.5.6 Auger Electron Spectroscopy (A.E.S) 
Auger electron spectroscopy (38,39), a surface analysis technique, is 
based on the excitation of the specimen with an electron beam which causes 
the removal of inner shell electrons from the atoms present. The outer shell 
electrons fill the space, created by the removal of inner shell electrons, 
through a relaxation mechanism and so-called "Auger electrons" are ejected 
from the material. An "Auger Spectrum" is obtained by plotting the derivative 
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of the electron energy distribution versus energy. The typical depth analysis 
with AES is of the order of 10 A° or less and elemental concentrations as low 
as 0.1 % of monolayer can be detected and identified. Both qualitative and 
quantitative information can be obtained for all elements above Helium. The 
inner core vacancy is created by electron bombardment of the surface with 
electrons having energies in the range of 1 - 5 KeV, Auger electrons, 
possessing energies in the range of 0 to 2000 eV, are ejected and only those 
coming from within few monolayers of the surface escape with characteristic 
energy. 
2.5.7 Hydrogen Permeation Technique 
Metals in contact with acids produce atomic hydrogen, a fraction of 
which may diffuse onto the metal before they combine to form hydrogen 
molecule. Inside the metal, the hydrogen atoms may combine to form 
molecular hydrogen. Thus, a very high internal pressure builds up leading to 
heavy damage of the metal, usually termed as hydrogen embrittlement 
The phenomenon of hydrogen permeation into the metals can occur in 
industrial processes like pickling, plating, phosphating, etc., and depends on 
the nature of acids used. The cell, used for permeation studies, was 
developed by Devanthan, et. al. (40), in which the hydrogen entered, is 
ionized and recorded as permeation current. The inhibitors protect the metal 
and the entry of hydrogen into the metal is also restricted. The behaviour of 
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the inhibitors with regard to hydrogen permeation can be understood by 
measuring the permeation current with and without inhibitors. 
The hydrogen permeation studies assume significance in evaluating 
the inhibitors in pickling processes, determination of brittleness of the metal 
previously subjected to acid attack (41). 
2.5.8 Radio Tracer Technique 
Radio tracer technique is generally employed to understand the nature 
of inhibition (42) and it is possible to detect traces of substance adsorbed. The 
method consists in bringing about the adsorption of the compound under 
examination on the metal (electrode) by putting the electrode in the electrolyte 
containing the radioactive organic substances. The electrode is then taken out 
and washed after which it is subjected to a count determination to measure 
the activity. It is compared with a standard and the amount of substance 
adsorbed is found out. The cell, used for this study, was developed by 
Bockris(43). 
2.5.9 Electrocapillary Technique 
This technique is one of the most recent methods introduced for the 
study of corrosion inhibitors (44,45). It measures the interfacial tension of the 
electrode/electrolyte interface as a function of applied potential. The shift of 
electrocapillary curve, i.e., potential and surface tension curve, in the negative 
region, in the presence of inhibitors shows the anionic nature of adsorbed 
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species. In the presence of cationic type of inhlbttor, the curve shifts towards 
anodic potential. 
2.5.10 Ultrasonic Technique 
The ultrasonic technique (46) has found successful application for the 
assessment of the extent of corrosion damage. This is especially important for 
plants where the testing needs to be done without necessary shutdown of the 
plant. Generally two methods of ultrasonic inspection are employed -
reflection and resonance. By the reflection method, the pinpoints of the 
position of many different types of internal flaws, e.g., stress corrosion 
cracking, pits and fatigue cracks are searched. The resonance method 
measures the flaws, which are perpendicular to the direction of ultrasonic 
beam. 
2.6 REVIEW OF COOLING WATER INHIBITORS 
2.6.1 Corrosion Inhibitors 
Chromates 
Chromates , inhibitors of choice, in 1950's are passivating inhibitors 
and offer protection of ferrous and non ferrous alloys by incorporation into the 
oxide layer. They are effective over a wide pH (6-11) and temperature range 
(38-66). Chromate initially is adsorbed on the metal followed by oxidation of 
iron to form a mixture of Fe203 and Cr203 (47). Chromate is normally an 
anodic inhibitor in the concentration range of 200-1000 mg/l (48) and acts as 
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cathodic inhibitor in the concentration range of 15-25 mg/l (13). Chromate at 
concentration level of 15-25 mg/l is reported to form protective Y- Fe203 film 
by the following half reaction. 
2 FeO + H2O <^ Y- Fe203 + 2H'' + 2e' 
Moreover, it has a favourable cost effectiveness ratio. However, it was soon 
recognized that being heavy metal, chromate had certain health and 
environmental hazards associated with it. 
The use of chromate as inhibitor is being phased out chiefly because of its 
toxicity. The toxic effects of chromates are especially critical in processes 
where compounds may be inhaled or ingested. Expensive treatment is 
required before effluent disposal. 
Zinc 
Zinc salts increase the cathodic polarization and hence inhibit corrosion 
of steel. Their action is generally attributed to precipitation of zinc hydroxides 
on the cathodic areas as a result of locally elevated pH (49). Protective film 
readily dissolves on decreasing pH and hence cannot be used alone. 
However, it is very effective in combination with many other inhibitors, like, 
chromates, molybdates, polyphosphates, phosphonates, etc.(50) Zinc and / or 
polyphosphate together with organic scale agents control the fouling tendency 
of cooling water (51). The presence of zinc in the blowdown necessitates its 
treatment. 
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Nitrites 
They are effective in aqueous solutions of NaCI. Sodium nitrite, a 
passivating inhibitor, is effective only at concentrations equal to that of 
chloride and should exceed sulfate by 250 - 500 mg/l (52). Concentrations of 
300 - 500 mg/l are required under optimal conditions (53). It mainly inhibit 
anodic reaction and forms a very thin protective oxide film of Fe203 + T -
FeaOs on the metal surface (54). Nitrite may contribute to pitting corrosion if its 
concentration falls below the critical value. The economics of nitrite use can 
be improved by blending )t with other Inhibitors, like, organic phosphates, 
inorganic phosphates, molybdates, etc. (55). Bacterial decomposition of 
nitrite discourages its use in open recirculating cooling water systems (56). 
Molvbdates 
Sodium molybdate is an anodic inhibitor and is effective for the 
protection of carbon steel in the pH range of 5.5 - 8.5. It promotes the 
formation of Y - FeaOa only in the presence of oxygen. Hence, for molybdate 
to act as inhibitor, it requires the presence of oxygen. The film is reported to 
contain only small amounts of molybdenum (57). When used alone a 
concentration of 200 - 1000 mg/l is needed to minimize the corrosion of mild 
steel in the presence of chloride (58). The mechanism of protection by 
molybdate is not clear. Different surface analysis techniques indicate the 
presence of FeO.OH in combination with M0O3 (59). AES depth profiles 
indicated a layer of molybdenum oxide, ~ 3 nm in thickness, combined with 6 
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nm layer of oxide of iron. Molybdate synergies in the presence of nitrites, 
chromates, zinc, etc. (60) 
Phosphate 
Phosphate require the presence of oxygen for their inhibitive action and 
are effective in the narrow pH range (6.0 - 6.5). Monosodium phosphate is 
the least protective species while trisodium phosphate is the most protective 
species. Corrosion inhibition efficiency decreases with increase In 
temperature. 
Inorganic phosphates such as polyphosphates, orthophosphate and 
hexametaphosphate, phosphoric acid and organic phosphate, such as, 
phosphonates and aminophosphonates have been developed as aqueous 
corrosion inhibitors. 
Polyphosphates 
Polyphosphates, PP, used as cathodic inhibitors for the last thirty 
years, are very effective against galvanic corrosion and prevent fomiation of 
calcium carbonate and calcium sulfate scales (61). The general formula is 
O 
II 
NaO- p 
ONa 
O 
II 
O — P 
ONa 
ONa 
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When n = 0 it is orthophosphate, n = 1, pyrophosphate, n = 2, 
tripolyphosphate, and n = 12-14, polyphosphate. Polyphosphates are 
complexing agents and with a divalent metal such as calcium, they form a 
positively charged colloidal complex, which migrate to the cathode whereby 
they build up a protective film. Compounds, such as ferric pyrophosphate, 
Fe4(P207)3 and iron calcium metaphosphate NaHFeCa (P03)5.8H20 have 
been detected in the protective film (62). The optimum concentration and the 
working pH are 15-20 mg/l and 5-7 respectively. However, they are 
susceptible to hydrolytic decomposition, which increases with pH and 
temperature 
Phosphonates 
Phosphonates, initially used as scale inhibitors, have been successfully 
used as corrosion inhibitors for the last twenty years (63). The C-P linkage 
renders molecule greater stability with respect to hydrolysis. The two most 
common inhibitors are nitrilotris methylene phosphonic acid, AMP and 1-
Hydroxy ethylidine 1-1 diphosphonic acid, HEDP. Phosphonate based cooling 
water inhibitors offer protection by forming three-dimensional layers on the 
metal surface. HEDP inhibits corrosion of mild steel by a protective 
mechanism, i.e., by forming insoluble iron complexes and repairing the porous 
oxide layer (64). Phosphonates are stable beyond 100° C, but are sensitive to 
chlorine. HEDP is resistant to oxidation. 
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The effects of three different phosphonic acid inhibitors, namely, 
hydroxy phosphonoacetic acid, HPA, 1-1 hydroxy - ethane-1,1- diphosphonic 
acid, HEDP and 2 - phosphono butane -1,2,4 - tricarboxylic acid.PBTC on 
the passivation of carbon steel in aqueous oxygen containing solutions were 
studied by electrochemical and laser ellipsometric methods (65). The study 
revealed that divalent ions have a great influence on the effectiveness and the 
mechanism of inhibition by phosphonic acid (66). 
Gluconates 
Gluconates can also be used as corrosion inhibitors for cooling water 
systems and are non-toxic environment friendly inhibitors (67). It has been 
reported that their inhibitive power increases with the addition of borate ions 
because of their combined synergistic effect (68). Formation of soluble metal 
complexes with iron is one of the major problems with gluconate containing 
compounds and hence their effectiveness decreases within a few hours after 
immersion (69). Salts of gluconates have been evaluated as inhibitors for 
mild steel in seawater under static as well as dynamic conditions and at 
different temperature (70 -74). Zinc gluconate inhibited corrosion excellently 
and gave 90-95 % inhibition efficiency in the concentration range of 300-500 
ppm. Sodium borogluconate, SBG, showed inhibition on the dissolution of 
mild steel in water containing 100 ppm of chloride in open recirculating cooling 
water systems (75). The inhibition efficiency decreased after 48h of immersion 
due to formation of soluble iron gluconate. However, nitrite and SBG mixture 
33 
(25ppm each) has been found to be very effective in maintaining the 
protective nature of film upto 100h of immersion. 
Polymers 
Polymers have been developed for use in cooling water systems over 
the last thirty years (76). These polymers have been developed to provide 
deposit control and function as corrosion co - inhibitor (77). The main function 
of polymer programs in cooling v\/ater systems is to provide scale inhibition 
and to act as corrosion co-inhibitor in different types of cooling water 
treatment programs (78 -83). 
Among the polymer based cooling water formulations, polycarboxylic acids 
of low molecular weight, have been used successfully. Polymers may include 
monomers such as styrene sulfonic, 2-Hydroxy-3-alkyloxyl-1-1 propane 
sulfonate, HAPS, 2-acrylamide-2-methylpropyl sulfonic acid, AMPS, etc. 
(84,85). The polymer program generally use a specialized copolymer to: 
• Disperse particulate matter and iron 
• Stabilize zinc, phosphate and phosphonate 
• Inhibit CaCOa 
• Act as a corrosion co - inhibitor 
The specialized copolymers are based on maleic anhydride or acrylic acid 
to form the backbone of the polymers. The backbone is modified with a variety 
of monomers, e.g., acrylamide methacrylic acid, vinyl acetate, isobutylene. 
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polyether, alcohols, etc. (86,87). The most common monomers used are the 
sulfonated monomers, e.g., vinyl sulfonic acid, styrene sulfonic acid (88 - 90), 
which provide the extra dispersancy of particulate matter. Tv\/o sulfonated 
types of polymers, sulfonated acrylate and phosphino - sulfonated acrylate 
polymer and a non - sulfonated terpolymer were found to prevent scaling and 
corrosion in cooling water systems (91). 
Betz Research developed a synthetic acrylic acid / hydroxy propyl acrylate 
copolymer (AA/HPA) which exhibited excellent calcium phosphate inhibition 
and general dispersing properties. The development of this copolymer led to 
the introduction of neutral pH programs (92,93) operating with orthophosphate 
concentrations between 1 0 - 3 0 mg/l PO4. Such programs provided excellent 
mild steel corrosion inhibition, equivalent to that obtained with chromate 
programs, and were often collectively termed "Stabilized Phosphate" regimes. 
The inhibitive effects of copolymers, composed of acrylic acid, AA, and 
acrylamide, AAm, on the corrosion of mild steel have been investigated in 
cooling water systems (94). In a high concentrated solution the copolymers at 
AA/AAm ratio of 5/1 showed maximum efficiency. 
A new inhibitor has been developed which combines the properties of a 
phosphonate and those of a polymer (95) and has the general following 
structure: 
[ PO3H2 - (CH2-CHCOOH)2 - (-R-)y - H][S03H] 
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and abbreviated as POCA. Laboratory studies have shown POCA to be truly 
multifunctional providing (96) 
• Calcium carbonate deposit control performance comparable to 
phosphonates 
• Calcium phosphate and particulate deposit control performance similar to 
sulfonated polymers 
• It operated as anodic inhibitor providing a complete corrosion/deposit 
control package. 
Multicomponent Systems 
Various scientists have tried mixtures of inhibitors for achieving 
synergistic effects. Zinc - Chromate, a heavy metal system was the first 
effective combination. 10 mg/l each of zinc and chromate were the usual 
optimum concentrations, used in cooling water systems. Zinc polyphosphate 
provides protection against corrosion as well as scales. The combination is 
cathodic in nature and is effective over a pH range of 6.5-7.5 (97). 
Synergistic effect of certain phosphonic acids and Zn^* in corrosion 
inhibition has been reported (98,99) Phosphonic acid was observed to act as 
anodic inhibitor whereas zinc salts exhibited cathodic action. The inhibitor film 
acted as a protective layer impermeable to molecular or ionic diffusion (100). 
Azoles polymers have replaced zinc in the preparation of eco-friendly inhibitor 
formulations (101). 
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HEDP was blended with ascorbic acid for achieving improved 
efficiency (102). Ascorbic acid was found effective in reducing the zinc 
requirement of HEDP and the combination exhibited 95% corrosion inhibition 
efficiency 
The synergistic and biocidal effects of aminotrimethylene phosphonic 
acid, ATMP, Polyacrylamide, PAA and Zn** on the inhibition of mild steel in 
neutral aqueous medium have been evaluated by Rajendaran (103). It has 
been found that PAA and Zn** have shown synergistic effect. Moreover, the 
formulation consisting of 300 ppm ATMP, 50 ppm Zn*"" and 50 ppm PAA has 
shown 98% corrosion inhibition efficiency and 99.9% biocidal efficiency. The 
protective film consisted of Fe** - ATMP complex, Fe** - PAA complex and 
Zn(0H)2. 
A formulation consisting of 300 ppm of sodium salt of phenyl 
phosphonic acid, PPA and 50 ppm Zn** was 95% efficient in inhibiting the 
corrosion of mild steel in neutral aqueous medium containing 60 ppm of 
chlorides (104). It has been found that in solution, both the phosphonate 
group and phenyl group of PPA was involved in the fomiation of complex with 
both Zn** and Fe**. 
Mixtures of molybdate and BELGRADE EL, BELEV, a polymeric maleic 
anhydride preparation, primarily used as an antiscalent, exhibited corrosion 
inhibition of mild steel in continuously aerated potable water (105). The binary 
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system of sodium molybdate and sodium nitrite in the ratio 6:4 exhibited a 
synergistic effect 
The enhanced synergistic inhibition by calcium gluconate in 
combination with 2-Carboxyethyl phosphonic acid, 2CEPA, and Zn** was 
observed in 60 ppm chloride solution (106). 95% inhibition efficiency was 
achieved at a concentration of 50 ppm each of Zn** , 2 CEPA and calcium 
gluconate. The protective film consisted of Fe *^ - 2CEPA-gluconate complex 
and Zn(0H)2. It has been reported that the inhibitive power of gluconates and 
gluconic acids increased with the addition of borate ion (107). 
The three-non heavy metal systems currently in use are: mixture of 
AMP and HEDP, mixture of polyphosphate and HEDP and mixture of 
polyphosphate and orthophosphate. These mixtures complexes with the metal 
ion and form a protective film. They prevent the formation of calcium 
carbonate and calcium sulfates scales and possesses dispersive action on 
surface deposits. Mixtures of AMP and HEDP synergies effectively and acts 
as a cathodic inhibitor (108). 
Amines 
Organic compounds particularly amines, N-1-naphthylethylene diamine 
dihydrochloride, N,N-diethyl-P-phenylenediamine sulfate, ethylene diamine 
tetra acetic acid, hexamethylene tetramine, sulfanilamide and 1-
naphthylamine, have been successfully used as corrosion inhibitors for mild 
steel in both synthetic and natural seawater (109). Diethylamine and sodium 
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benzoate have been successfully used as corrosion Inhibitors for mild steel in 
seawater environment (110). 
Ammonia in the range of 600 ppm and in the absence of scale forming 
salts worked as perfect corrosion inhibitor. The required concentration of 
ammonia is always available in the cooling water systems of petroleum 
refinery (111) 
The inhibitive performance of papaverine, glycine, hippuric acid, Cetyl 
trimethyl ammonium bromide, CTAB, hexadecryl pyridinium chloride, HDPC, 
has been investigated on the corrosion prevention of mild steel in seawater 
environment (112). 
The idea of green chemistry to the class of organic amines has 
resulted in elimination of toxic amine compounds and introduction of less toxic 
amine compounds. An example of this is the use of more aliphatic amines and 
decrease in the use of aromatic amines (113). N - Acyl derivatives of natural 
amino acids were synthesized and their inhibition ability for scaling and 
corrosion was investigated by J. Telegdi, et. al. (114). The study revealed that 
N - substituted (acylated, hydroxymethylated, carboxymethylated) amino 
acids reduced mild steel corrosion upto 85% at a dose of 100 ppm. N -
carboxymethylated amino acids were found effective scale control agents 
also. 
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Natural Compounds 
It has been reported in the history of corrosion inhibitor that certain 
plant extracts brought about the suppression of the dissolution reaction of the 
metal dipped in different corrosive environment (115). As an example, tannins 
and their derivatives have been used since old times to protect steel and iron 
tools and pipelines (116). The extracts of some common plants and by 
products contain different organic compounds and were found quite effective 
in retarding the dissolution of steel in HCI and NaOH medium (117). 
The effects of aqueous extracts of fenugreek lupine, Doum, cerum 
petroselinum, opentia ficus indica, pomegranate fruit shells solanum 
melongena, orange peels and Ammi majus as inhibitors for both corrosion 
and scale formation have been investigated (118). Most of the extracts of 
above plant materials were effective in retarding corrosion and scales. 
The extracts of curcumin and agaricus were found quite effective in 
preventing the corrosion of mild steel in neutral aqueous medium (119 -120). 
2.6.2 Scale Inhibitors 
Scale inhibitors are chelating agents that bind to the metal ions and 
prevent the formation of scales inside the pipes. Selection of a suitable 
chelating agent to form a chelate that is insoluble in the desired medium 
enables the solubilization of mineral deposits and pipe and boiler scales 
(121). 
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Scale inhibitors function through three mechanism, viz., stabilization, 
crystal modification and dispersancy. Stabilization refers to the stabilization of 
a supersaturated solution, so that the mineral does not precipitate for a 
reasonable time. Crystal modification is an extension of stabilization. The 
inhibitor is adsorbed on the growing crystal faces and tends to distort bond 
angles, so that the crystals do not develop, as they should. These distorted 
phases are thermodynamically unstable under cooling water conditions so 
that they tend not to stick to the heat transfer surfaces. Dispersion is the third 
approach to scale inhibition. Any scale forming crystal which do not fonm 
Inspite of stabilization and crystal distortion effects can be dispersed so that 
the crystals do not agglomerate or stick to surfaces. 
Extensive research work has been carried out and reported on the 
development and testing of antiscalent compounds (122,123). Both inorganic 
and organic scale inhibitors have been widely studied. Scale inhibiting 
chemicals include many types of molecules such as organophosphorous 
compounds, homo and copolymers, and naturally occurring organic 
molecules. Organic phosphates and phosphonates, widely used as scale 
inhibitors, are being replaced with less toxic organic phosphorous 
compounds, such as, carboxyhydroxymethyl phosphonic acid and 0,0 -
dibutyl phosphorodithoic acid. However, these compounds have toxicity 
associated with them (113). 
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0 , 0 - dibutyl phosphorodithoic acid Carboxy hydroxy methyl 
phosphonic acid 
Recent inhibitors include alkylepoxy carboxyiate and polyacrylic acid 
(124,125) and are effective in concentrations from 0 .5-10 ppm(126). 
A number or polymers have been developed to provide deposit control 
and function as corrosion co-inhibitors (127,128). Polycarboxylates have been 
reported for their enhanced dispersing capacity by the modification of the 
polymer backbone through the introduction of different groups (129). 
Polymers containing carboxylic groups such as carboxymethyl cellulose, 
alignic acid, polymethacrylic acid and polyacrylic acid have been reported as 
scale inhibitors for gypsum scales (130). 
Silica is becoming a critical factor in water reuse application. Silica deposits 
result from its polymerization, co-precipitation with other minerals, 
precipitation with other multivalent ions, and biological activity in water. 
Several of these processes may occur concurrently making it difficult to 
predict equilibrium solubility. In water treatment industry, the conventional 
practice to avoid silica deposition is to maintain monomeric silica recirculation 
water below 150 mg/l as silicon dioxide at temperatures above 21°C. 
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Ammonium difluoride [(NH4)(HF2)] stabilizes silica and silicates by 
forming ammonium fluorosilicates. in this aspect, it is used as scale inhibitors 
in boilers where dissolved silicates would foul boiler tubes with scale that 
usual cleaning methods would not be able to remove (131). Small amounts of 
ammonium difluoride in combination with 3% pthalic anhydride dissolves 
deposits with a high content of iron oxides (132) and is an excellent 
alternative to the use of hydrochloric acid for removing iron oxide deposits. 
The new class of less toxic scale inhibitors is polyacrylic acid (PAC). 
Though PAC is relatively non-toxic, but is non biodegradable. Thermal 
polyaspartite (TPA) is an example of green scale inhibitor (133). TPA can be 
used as scale inhibitor for calcium carbonate, calcium sulfate and barium 
sulfate. TPA is non toxic to environment and is totally biodegradable. 
A new phosphonate, obtained from a family of polyamino polyether 
methylene phosphonic acids (PAPEMP) has been developed which is 
capable of controlling calcium carbonate scale at pH above 9 and over 300 
calcite concentration (LSI > 3.5) in the absence of acid addition (134). The 
inhibitor controls calcium carbonate deposition by both threshold and 
dispersion mechanism which prevents the crystallites from adhering onto the 
metal heat transfer surfaces. The high pH and calcite saturation provides 
corrosion protection to both carbon steel and copper-based alloys. 
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2.6.3 Biocides 
Several types of microorganisms grow in cooling water systems, 
including algae, fungi, and bacteria. These microorganisms can have a severe 
impact upon con-osion of metals in addition to fouling of heat exchangers 
(135,136). The problems are further complicated if there is a leakage of 
organic matter as the organic matter supports luxurious microbial activity. The 
prevention of biofouling and microbiologically influenced corrosion of metals 
by various scientists have been reported (137-140). Many studies concerning 
the inhibition of metals by biocides have been conducted too. (141-142). 
Chlorine, added as chlorine gas or liquid sodium hypochlorite, is by far 
the most commonly used oxidizing biocide. However, toxicity associated with 
chlorine or chlorinated organics reduced efficiency at alkaline pH or in 
ammonia/organic contaminated cooling water are some of the principal 
drawbacks of using chlorine as a biocide. These deficiencies of chlorine have 
led to the application of bromine as an oxidizing biocide. 
Non - oxidizing biocides that have been found to be effective at 
alkaline pH operations of cooling water systems are generally based on 
quaternary ammonium compounds like benzalkonium chloride, BKC, 
quaternary phosphonium compounds like tetrakish hydroxymethyl 
phosphonium sulphate (THPS), organo sulphur compounds like 
isothiazolinenes and gluteraldehyde (143). These compounds possess high 
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broad-Spectrum microbial toxicity during treatment and can be easily 
detoxified before discharge. 
For years it has been known that many combinations of disinfectants 
work synergistically. Several examples of synergistic combinations of biocides 
are demonstrated in technical literature (144,145). 
Oxidizing (halohydantoins) and non oxidizing (isothiazolones) biocides 
have been frequently used in cooling water treatments (146,147). Biofilm 
treatment with a combination of brominated methyl ethyl hydantoin, BrMEH, 
and isothiazolones was more effective than treatment with either biocide 
alone (148). The treatment proved more cost effective. 
Some algaecides typically applied to cooling towers contain active 
ingredients that precipitate out of suspension because of the breakdown of 
the dispersants. Other contain heavy metals or cationic materials, 
e.g.,quaternary ammonium compounds, that interact with the anionic 
polymers used in water treatment. 
The performance of 4,5 dichloro -2-octyl -4-isothiazoline - 3 (DCOl) 
was evaluated through a field trial perfonned on two recirculating towers 
(149). The biocide was tested alone and in combination with chlorine. The 
DCOl in combination with low levels of chlorine was effective in controlling 
algae by preventing algal mat fonnation in a field trial as well as in laboratory 
studies. DCOl alone-prevented algae mat formation in the field also. DCOl in 
combination with chlorine gave better control of aerobic bacteria. 
45 
The efficacy of industrial biocides, generally determined by monitoring 
reduction in viable cell counts, was determined through bacterial respiration. 
The effect of methyl chloro/methyl isothiazolone (MCMI) biocide on bacterial 
respiration was determined using enriched synthetic cooling water and actual 
cooling water samples (150). The addition of MCMI resulted in rapid inhibition 
of oxygen uptake (< 10 mm) 
Hydrogen peroxide is a good oxidizing agent and a potential algaecide 
(151,152) but its limiting factors are stability and difficulty of storage. 
Ozone is a strong oxidizing biocide. It has got the unique combination of high 
bacterial toxicity during treatment and zero residual pollution effect during 
discharge. However, two to three fold increase in the corrosion rate with 
increasing ozone concentration has been reported for carbon steel (153). 
Possible effects of naturally produced compounds on inhibition of 
biofilms and corrosion of metals are of considerable interest to the scientist 
because the compounds are environmentally congruous, economical and 
non-polluting. Recently certain biogenic compounds have been successfully 
used as biocides in E.Coli medium (154). These compounds are reported to 
fomn complex with cell metabolites. 
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2.7 REVIEW OF COOLING WATER INHIBITORS FOR BRASS 
When a pure metal is immersed in a corrosive medium usually uniform 
dissolution of metal Is observed. Hov\/ever, in case of brass (containing more 
than 15% Zn) preferential dissolution of zinc occurs. This special type of 
corrosion phenomenon wherein zinc is preferentially removed from the alloy 
leaving behind the spongy mass of copper v\/ith no mechanical strength is 
known as dezincification or dealloying. JDezincification can be of two types, 
viz., layer type and plug type. In layer type, dezincification proceeds uniformly 
over the surface. The surface appears to be covered with a tarnish layer but 
the bulk of the alloy does not have any strength. In plug type, dezincification 
leads to more rapid failure as it is localized in nature and proceeds with 
greater speed. This type of attack penetrates deep into the metal, forming 
porous plugs of copper but the entire surface is not affected. The mechanism 
of dezincification may be 
• Preferential dissolution of zinc from the alloy 
• Simultaneous dissolution of both zinc and copper followed by redeposition 
of copper. 
• Both the above processes may occur under different circumstances. 
Brass has been widely used as components in heat exchangers, pumps 
and in various industries. The alpha brass supplied for potentially corrosive 
environment contains arsenic to inhibit dezincification. Practical problems with 
dezincification are experienced with alpha - beta brass, used for example, for 
tube plates in old condensers or heat exchangers, for pipefitting or as valve 
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components. Arsenic does not inhibit dezincification of alpha - beta brass 
(155). Studies on corrosion phenomenon of arsenic free alpha - beta brasses 
assume great significance, as they are susceptible to dezincification process. 
Many organic compounds have been used as corrosion inhibitors for brass in 
different media. Of these azoles have shov^ /n greatest efficiency (156,157). 
Recently emphasis has shifted to the use of organic compounds containing 
one or more polar atoms, e.g., nitrogen, sulfur, oxygen and compounds 
containing n - bond, which affords excellent protection against corrosion of 
metals (158,159). Hackerman and Makrides (160) showed that sulfur 
containing organic compounds have special efficiency, as these compounds 
are better electron donors than compounds containing oxygen and nitrogen. 
Benzotriazole (BTA) and methyl benzotriazole (tolyltriazole) have been 
used, for many years, as the most effective inhibitors for copper and copper 
based alloys. They form protective layers on the metal surface, the structure 
and bonding of these films have been studied by many investigators 
(161,162). It has been further demonstrated that the protective action of 
triazoles decreased markedly when applied in the presence of iodide ion 
(163). However, the inhibition efficiency of tolyltriazole decreases in the 
presence of chlorine. 
Tolyltriazole, TTA, reacts with halogen based oxidizing biocides, and 
gets consumed in the bulk cooling water. In order to maintain an adequate 
supply of TTA in the bulk cooling water and at metal surfaces, more TTA must 
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be added to the system. This reaction also produces an additional demand on 
the oxidizing biocide and leads to higher use levels In order to meet the 
cooling water total biocide demand. A new halogen azole has been developed 
for protection of copper alloys in aqueous solution (164). This material 
provides excellent copper corrosion inhibition in the presence of halogen 
based oxidizing biocides and offers better protection at reduced concentration 
than tolyltriazole. 
Zhang et. al. (165) studied the corrosion inhibition effect of 
benzothiazole and its derivatives on dezincification of brass in simulated 
cooling water by weight loss, atomic absorption and electrochemical 
techniques The inhibitive efficiencies of the inhibitors was found as: 
2 - mercapto benzothiazole (2SH-BT) > 2 - amino benzothiazole (2NH2-BT) > 
2 methyl benzothiazole (2CH3-BT) > benzothiazole (BT) 
The effect of sodium diethyl dithiocarbamate (NaDEDTC) on the 
corrosion of copper and brass in seawater has been evaluated by G.Latha , 
et.al. (166). NaDEDTC was found to prevent the corrosion of both copper and 
brass in seawater. The inhibitive action was attributed to metal sulphur bond 
fomiation. The addition of 100 ppm of NaDEDTC for brass and 75 ppm of 
NaDEDTC for copper was sufficient to cause better inhibition. 
The inhibitive action of some tetrazole derivatives on the copper 
corrosion in chloride solution has been studied by Zuchi, et.al. (167). 
Experiments have been carried out on copper corrosion in 0.I M NaCI 
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solution with the following tetrazole derivatives at 10^ M concentration. 
Tetrazole (T), 5 - mercapta-1- methyl tetrazole (5Mc-1Me -T), 5 -
mercapto(Na salt) -1-methyl tetrazole (5NaMc -1e-T), 5 - mercapto -1-acetc 
acid (Na salt) - tetrazole (5Mc - 1Ac-T), 5 - mercapto -1-phenyl-tetrazole 
(5Mc-1Ph -T), 5 - phenyl tetrazole (5Ph -T) and 5 amino tetrazole (5 NH2 -
T) in the pH range of 4-8 and at temperature of 40 - 80°C. Cathodic and 
anodic polarization curves were recorded after 1-hour immersion. All the 
inhibitors, except 5Mc - 1Ac-T, showed inhibition efficiencies from 50-99 %. 5 
Mc-1Ph-T and 5 Ph -T exhibited better protective characteristics. 
Processes of initial anodic selective dissolution of alpha brass in 
solutions containing sulphamic acid have been studied by Kaplan, et.al.(168). 
It has been shown that surface active quaternary ammonium salts exert 
protective action towards brass, due to their absorption on the metal surface, 
which changes the structure of double layer and increases the over voltage of 
the hydrogen evolution. 
Three inhibitors, mercapto benzothiazole, benzotriazole, and 
tolyltriazole have been used for the protection of copper and based alloy 
(169). Benzotriazole and tolyltriazole control copper corrosion by reacting with 
the metal surface to produce a three-dimensional chemisorbed layer. The 
azoles are classified as cathodic inhibitors because they absorb at cathodic 
sites and interfere with the oxygen reduction reaction (170). Nitrite ion in 
combination with tolyltriazole was found effective corrosion inhibitor for copper 
and copper based alloys even in the presence of chlorine (171). 
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3.1 General 
This chapter deals with the methodologies adopted for the evaluation 
of inhibitors for cooling water systems. Different natural compounds have 
been tried as corrosion inhibitors for mild steel and brass. The focal point of 
the chapter being the description of inhibitors and their composition, types of 
experimental techniques, the working medium, simulated cooling water 
conditions. 
3.2 Materials 
3.2.1 Inhibitors 
In the present investigation a large number of plant materials have 
been tried as inhibitors for mild steel and brass. Out of the numerous 
compounds, the following compounds gained attention for detailed study as 
they offer inhibition of mild steel surfaces. 
Azadirachta indica 
Cordia latifolia 
Eucalyptus 
Jasminum auriculatum 
Hibiscus 
Momordica charantia 
Punica granatum 
However, these plant materials were not effective in preventing the 
corrosion of brass. 
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Table 3.1 gives the composition of the plant nnaterials utilized as 
inhibitors for cooling water systems. These plant materials are available in 
abundance in India and at very low cost. 
Stock solutions of the inhibitors were prepared by extracting 50g of the 
dried and crushed materials in about 500ml of distilled water by boiling for one 
hour. The extracts were then filtered and concentrated to 50ml. The extracts 
were then stored under refrigerated conditions. 
Table 3.1: Major constituents of the plant extracts used as inhibitors 
(172-175). 
inhibitor 
Azadirachta indica (Leaves) 
Cordia latifolia (Fruits) 
Eucalyptus (Leaves) 
Jasminum auhculatum (Leaves) 
Hibiscus (Flower) 
Momordica charantia (Fruits) 
Punica granatum (Fruit Shell) 
Major constituent 
Nimbidin, Limonoids with intact four 
rings and r-hydroxy bulenolide side 
obtain, Nimocin Meldenindiol 
Sugar, Gum and Resinous matter. 
Terpenes (Essential oils) Tannins 
(Polyphenol) 
Esters 
Flavons and Flavonoids 
Proteins, Carbohydrates, fiber with 
trace of calcium and phosphorus. 
carotene, thiamine riboflavin and 
ascorbic acid. Amino acids 
Tannin, Sugar with trace of Pectin, 
gallic acid, calcium oxalate. 
HEDP was synthesized in the laboratory adopting procedures 
described elsewhere (176) 
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As the plant materials do not offer protection to brass surfaces, a novel 
class of triazoles has been synthesized in the laboratory. Following triazole 
derivatives have been synthesized as described elsewhere (177). 
Amino methyl mercapto triazole. 
Amino ethyl mercapto triazole. 
Amino propyl mercapto triazole. 
The g^eral structure of the triazoles, synthesized, was: 
N SH 
NHz 
3 aikyi - 4 amino - 5 mercapto - 1 ,2,4- Triazole 
1 - R = CH3 
2 - R = C2H5 
3 - R = C3H7 
3.2.2 Test Specimens 
Mild steel, used for the present investigation, had the following composition. 
C = 0.14 percent 
Mn = 0.35 percent 
Si = 0.17 percent 
S = 0.025 percent 
P = 0.03 percent 
Fe = Rest. 
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70/30 arsenic free brass was used for the study. Specimens were 
polished mechanically with different grades of emery paper, the final grade of 
emery paper used being 6/0. The specimens were then cleaned with 
trichloroethane. 
3.2.3 Test Solution 
A 3.5% NaCi solution was used throughout the study as it closely 
approaches a seawater environment. 
3.3 Methods 
3.3.1 Corrosion Weight Loss Test 
Weight loss tests were carried out as per ASTM standards (178). Strips 
of size, 45 X 20 X 0.25 mm, in triplicate, were suspended in 200ml of inhibited 
and uninhibited solutions and allowed to stand for 5 days at 50° ± 2° C. 
Inhibition efficiencies were calculated from the difference in the weight loss 
values obtained in the presence and absence of inhibitors. 
3.3.2 Potentiodynamic Studies 
Cathodic and anodic polarization curves were recorded using an EG & 
G Princeton Applied Research Model 173 Potentiostat / Galvanostat, a model 
175 universal programmer, and a model RE 0089 x-y recorde (179). The 
polished specimens of size Icm^ were used for this study. The scan speed 
was ImV/s and the direction was from the cathodic to the anodic side. The 
cell assembly consisted of a working electrode (specimen), a platinum foil 
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(counter electrode), and a saturated calomel electrode, SCE (reference 
electrode). 
3.3.3 Impedance Studies 
Impedance studies were perfomied using a computer controlled EG & 
G Model M6310 system with M398 software (180). Both Bode and Nyquist 
plots were obtained with the studies. Impedance plots were obtained over a 
wide frequency range (10KHz to 10m Hz). The alternating current, AC 
amplitude was lOmV root mean square (rms) value. Like potentiodynamic 
studies, a sample size of Icm^ were used and the cell assembly consisted of 
a working electrode (specimen), platinum foil (counter electrode) and a 
saturated calomel electrode SCE (reference electrode). 
3.3.4 X-Ray Diffraction Analysis 
X-rays diffraction is primarily done for the surface analysis of the 
crystalline material. X-rays are reflected off the surface, and by studying the 
patterns of reflection as the material is rotated in the path of X-rays, much 
information about the structure of the material can be obtained. 
The XRD pattern of the film formed on the metal surface was recorded 
using a computer controlled X-ray powder diffractometer, PW1710 with CuKa 
(Ni filtered) radiator at a rating of 35 KV, 20 MA. The scanning was continuous 
and the measuring time was 0.5 sec per step. 
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3.3.5 Scanning Electron Microscopy 
Scanning electron nnicrographs were obtained in the absence and 
presence of inhibitors. This was done to study the morphology of the corroded 
surface of the specimens and the formation of film. Scanning electron 
microscope (SEM), model JEOL JSM 840 SM was used. 
3.3.6 Scaling Studies 
A rapid static screening test (181) was used to evaluate the scale 
inhibition potential of the plant extracts. The scale inhibition efficiencies were 
evaluated in medium corresponding to Langlier's Saturation Index of +3. Test 
protocol consisted of mixing equal volumes of a 500mg/l calcium solution (as 
the ion) with 1200 mg/l total alkalinity made from 80/20 ratio of 
bicarbonate/carbonate solution. The solutions were then incubated in a 
constant temperature bath at 55°C for 24 hours. At the end of the test duration 
the solution was filtered through a 0.22-micron filter paper and the calcium 
concentration was analyzed by EDTA titration. Experiments were performed 
in the presence and absence of inhibitors. Per cent inhibition was calculated 
using the following equation. 
Percent inhibition = [(CarCb)/(Cas-Cab)] x 100 
Where Ca, = Calcium concentration with inhibitor 
Cab = Calcium concentration in the blank 
Qas^;^^lciufn;concentration in the standard stock solution. 
1 I \cc. No ) I 
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3.3.7 Dynamic Studies (Simulated Cooling Water Conditions) 
Conducting tests under flowing/dynamic conditions assessed the 
efficiency of the inhibitors for cooling water systems. An open recirculating 
system, shown in fig. 3.1, was employed for dynamic studies and the samples 
in triplicate were suspended in it. Water was made to recirculate, with the help 
of a pump, in a long narrow channel resembling a pipe flow. The assembly 
also contained a temperature controlled water bath, which acted as an 
evaporative reservoir. The tests were performed under controlled temperature 
conditions, 45 ± 2°C. A flow velocity of 1.5m/s was maintained and the total 
solution volume recirculated was 10 liters. 
3.3.8 Dezincification Studies 
Arsenic free brass, used in the studies, is susceptible to dezincification 
process. Solutions collected during weight loss experiments were analyzed for 
zinc and copper concentration in the solution as per standard methods (182). 
3.3.9 Calcium Tolerance Test 
The complex forming tendency of inhibitors with calcium was found out 
by carrying out calcium tolerance test (96). In this test, inhibitors, in varied 
concentrations, were added to 1000 mg/l (as CaCOs) calcium solution. A 
concentration of 1000 mg/l (as CaCOs) calcium ion was taken since system 
water in most cooling water system does not exceed this calcium hardness. 
The solution was adjusted to pH 9.0 with sodium hydroxide. Turbidity of the 
solution, caused by the formation of an insoluble calcium inhibitor complex, 
was measured on a turbiditymeter. 
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3.3.10 Chlorine Tolerance Test 
Chlorine tolerance tests (91) were carried out to assess the effect of 
chlorine, a commonly used biocide, on the performance of natural 
compounds. The objective of carrying out this test was to assess the 
compatibility of inhibitors with chlorine as it is frequently used as a cooling 
water biocide. A solution containing 4 mg/l chlorine at pH 8 was added to 
inhibitor. The free available chlorine was determined after 24 hours. 
3.3.11 Microbial Analysis 
Conducting standard plate count technique broadly assessed the 
effectiveness of inhibitors as biocides (182). The technique provides a 
standardized means of determining the density of microorganisms in water 
samples. This is an empirical method because bacteria occur in single, in 
pairs, clusters and no single growth medium or set of physical and chemical 
conditions can satisfy the physiological requirements of all bacteria in a water 
sample. 
The media for plate count test was prepared as under 
Tryptone 
Yeast extract 
Glucose 
Agar 
Distilled water 
5.0 g 
2.5 g 
1.0 g 
15.0 g 
1 1 
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The media was then sterilized in an autoclave at specified pressure and 
temperature. 10 to 12 ml of the liquefied medium at 44 - 46 ° C was then 
poured into each plate by gently lifting the cover of the petridish just high 
enough to pour the medium. The test portion in the petridish was thoroughly 
mixed with the medium by rotating the dish first in one direction then in the 
opposite direction. After the medium solidified, the plates were inverted and 
placed in the incubator at 35 ± 0.5 ° C for 48 ± 3 hrs 
After the incubation period colony counter counts the colonies. 
3.3.12 Development of Cultures 
Open recirculating cooling water system is inhabitant of algae, aerobic 
bacteria, etc. Hence cultures were developed in the laboratory. Fresh water 
algae were obtained from a pound and were exposed to light to ensure 
profuse growth of algae mass. Algae were taken in a beaker and sewage was 
mixed with it. Aeration of the mixed liquor (algae + sewage) was started to 
ensure growth of aerobic bacteria. After every two days fresh sewage was 
mixed to make up for the evaporative losses. Nutrients, as mentioned in table 
3.2 were added on a daily basis. This operation was carried out for a month to 
enable sufficient growth of biomass 
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Table 3.2 : Nutrients for Algae Growth 
Compound 
Macro Nutrient 
NaNOa 
NaHCOa 
K2HPO4 
MgS04.7H20 
MgCl2 
CaCl2 2H2O 
Concentration 
mg/l 
25.5 
15.00 
1.044 
14.70 
5.70 
4.41 
Compound 
Micro Nutrient 
H3BO3 
MnCl2 
ZnCl2 
C0CI2 
CUCI2 
Na2Mo04. 2H2O 
FeCIa 
Na2EDTA. 2H2O 
Concentration 
iion 
185.52 
264.26 
32.71 
0.78 
0.009 
7.26 
96.00 
300.00 
3.3.13 Analysis of Slowdown 
The blowdown of the cooling water was analysed for irrportant 
environmental parameters. Biochemical oxygen demand, BOD and chemical 
oxygen demand, COD were determined. Slowdowns possessing high values 
of BOD and COD cannot be discharged to surface waters, as it would rapidly 
deplete the dissolved oxygen, thereby affecting the aquatic environment as 
their survival depends upon the presence of dissolved oxygen. Physical 
parameters like colour, solids, pH was also found out. The presence of 
nitrogen containing compounds is also undesirable as it leads to growth of 
undesirable plants. Hence, nitrogenous oxygen demand was evaluated to 
estimate the presence of nitrogenous compounds. 
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4.1 Natural Compounds as Cooling Water Inhibitors for Mild 
Steel 
4.1.1 General 
This chapter deals with the performance of natural compounds, 
namely, Azadirachta indica (leaves), Cordia latifolia (fruits). Eucalyptus 
(leaves), Hibiscus (Flower), Jasminum auriculatum (leaves), Momordica 
chamntia (fruits) and Punica granatum (Fruit shell), as cooling water 
inhibitors. The inhibitors were tested for corrosion inhibition, scale inhibition 
and biofouling control. The corrosion inhibition efficiency was evaluated 
employing weight loss, electrochemical polarization and impedance 
techniques. Weight loss experiments were performed under static and 
dynamic / flowing conditions, as the flowing conditions are more near to the 
practical cooling water conditions. To assess the efficacy of the inhibitors in 
hard waters, calcium tolerance tests were performed. Chlorine tolerance tests 
were carried out to find the chlorine compatibility, a primary feature for 
inhibitors used in cooling water systems. 
4.1.2 Weight Loss Studies 
The results of the weight loss studies are summarized in table 4.1. 
Inhibition efficiency, IE%, of the extracts examined, increased with increase in 
inhibitor concentration. After attaining the maximum efficiency, there was an 
insignificant increase in IE with further increase in inhibitor concentration. The 
order of the maximum IE of the compounds was as follows: 
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Azadirachta (86.1%) > Cordia (84) > Momordica (82.4) > Eucalyptus (81.6) 
> Jasminum (81) > Punica (79) > Hibiscus (76) 
Table 4.1: Performance of inhibitors under static conditions 
c/e 
Blank 
Azadirachta indica, ml/I 
3.0 
5.0 
6.0 
7.0 
Cordia latifolia, ml/1 
2.50 
4.0 
5.0 
6.0 
Eucalyptus, mi/I 
4.0 
6.0 
8.0 
10.0 
Jasminum auriculatum, 
ml/I 
4.0 
5.0 
6.0 
7.0 
Hibiscus, ml/1 
5.0 
10.0 
15.0 
20.0 
Corrosion 
Rate mpy 
31.45 
14.90 
7.36 
4.37 
5.03 
15.47 
10.47 
7.80 
5.04 
17.40 
9.85 
5.78 
6.10 
19.02 
12.20 
5.97 
6.54 
21.54 
18.08 
751 
8.74 
Inhibition 
Efficiency 
% 
— 
52.6 
76.6 
86.1 
84.1 
50.8 
66.7 
75.2 
83.97 
44.67 
68.68 
81.6 
80.60 
39.5 
61.6 
81.0 
79.2 
31.5 
42.50 
76.1 
72.2 
e 
— 
0.526 
0.766 
0.861 
0.841 
0.508 
0.667 
0.752 
0.84 
0.447 
0.687 
0.816 
0.806 
0.395 
0.612 
0.81 
0.792 
0.315 
0.425 
0.761 
0.722 
C/e 
— 
5.70 
6.527 
6.97 
8.32 
4.92 
5.60 
6.65 
7.14 
8.95 
8.73 
9.80 
12.40 
10.16 
8.17 
7.40 
8.84 
15.87 
23.53 
19.71 
27.70 
Contd.. 
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Inhibitor Concentration, 
C 
Momordica charantia, ml/1 
1.0 
2.0 
3.0 
4.0 
Punica granatum, ml/I 
0.4 
0.8 
1.2 
1.6 
HEDP, ppm 
100 
200 
300 
400 
Corrosion 
Rate mpy 
21.20 
8.77 
5.53 
6.51 
18.5 
11.16 
6.54 
9.24 
21.23 
14.91 
2.19 
3.14 
Inhibition 
Efficiency % 
32.6 
72.1 
82.4 
79.3 
41.1 
54.5 
79.2 
70.6 
32.5 
52.6 
93.02 
90.0 
e 
0.326 
0.721 
0.824 
0.793 
0.411 
0.645 
0.792 
0.706 
c/e 
3.067 
2.77 
3.64 
5.04 
0.97 
1.20 
1.515 
2.26 
The inhibition efficiencies of the plant materials were connparable to 
that of HEDP, the commonly used cooling water inhibitor. It can be seen that 
the optimum concentrations of the plant materials are quite less, i.e., these 
plant materials can protect mild steel surfaces with small additions. 
Efforts were made to increase the IE of the plant extracts by blending 
them with HEDP. HEDP (at lOOppm and 200 ppm) was blended with the plant 
extracts; the results of the studies are shown in table 4.2. The blending of 
HEDP with plant extracts has resulted in a significant increase in the IE of 
Azadirachta, Cordis and Eucalyptus, while the improvement in the IE of other 
compounds was not significant. 
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The results of the weight loss studies were also plotted for Temkin's 
adsorption isotherms; fig. 4.1 shows the adsorption isotherms. It is seen that 
most of the compounds obey the adsorption isotherm. This study revealed 
that the inhibition mechanism might have been through adsorption of the 
compounds on the metal surface. 
Table 4.2: Performance of Plant Extracts In presence of HEDP 
Inhibitor Mixtures Cone* 
Blank 
Azadirachta + HEDP 
6 + 100 
6 + 200 
Cordia + HEDP 
6 + 100 
6 + 200 
Eucalyptus + HEDP 
8.0 + 100 
8.0 + 200 
Hibiscus + HEDP 
15 + 100 
15 + 200 
Jasminum + HEDP 
6 + 100 
6 + 200 
Momordica + HEDP 
6+ 100 
6 + 200 
Punica + HEDP 
6 + 100 
6 + 200 
Corrosion Rate 
mpy 
32.05 
2.500 
4.102 
3.365 
4.358 
3.429 
4.230 
6.602 
7.147 
6.281 
5.705 
5.063 
6.57 
8.269 
7.660 
Inhibition Efficiencies 
% 
~ 
92.2 
87.2 
89.5 
86.4 
89.3 
86.8 
79.4 
77.7 
80.4 
82.2 
84.2 
79.5 
74.2 
76.1 
* The concentrations of plant extracts are in ml/1 and that of HEDP in ppm. 
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The effects of flow of water on the corrosion inhibition efficiencies of the 
compounds were evaluated by conducting tests under simulated cooling 
water conditions/ flowing conditions. Table 4.3 gives the results of the 
dynamic/flowing tests. The IE of the compounds did not drop much under 
these conditions and remained nearly same as those obtained in static tests. 
This study clearly revealed that the mechanism of inhibition was not affected 
by the flow of water. It could be further concluded that the plant extracts could 
be used effectively for the corrosion prevention of cooling water systems. 
Fig. 4.3: Performance of Inhibitors under Simulated Cooling Water 
Conditions 
Inhibitor Concentration* 
Blank 
Azadirachta indica 
6.0 
Cordis latifolia 
6.0 
Eucalyptus 
8.0 
Jasminum auriculatum 
6.0 
Hibiscus 
15.0 
Momordica charantia 
3.0 
Punica granatum 
1.20 
HEDP 
300 
3 concentrations of plant ex 
Corrosion Rate 
mpy 
34.3 
3.94 
6.86 
7.34 
8.09 
9.7 
7.168 
8.437 
7.13 
tracts are in ml/I a 
' Inhibition Efficiency 
% 
— 
88.5 
80.9 
78.6 
7.64 
71.5 
79.1 
75.4 
89.2 
nd that of HEDP in ppm 
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4.1.3 Potentiodynamic Studies 
The potentiodynamic studies were carried out to get an idea of the 
nature of mechanism of inhibition. Cathodic and anodic curves were obtained 
in the presence and absence of plant extracts. Fig. 4.2 to 4.9 shows the 
polarization curves in the presence of plant extracts and HEDP. Values of the 
various electrochemical parameters are given in table 4.4. The presence of 
extracts resulted in lowering the corrosion current density significantly, which, 
confirmed the inhibitive nature of the plant extracts. 
The presence of plant extracts caused slight change in the corrosion 
potential, Ecorr, values. Extracts of Azadirachta, Punica, Cordia, Eucalyptus 
and Hibiscus shifted Ecorr values to the more negative side. This clearly 
indicated that inhibition of corrosion by these extracts was predominantly 
under cathodic control. Ecorr was shifted to the more positive side in the 
presence of Momordica and Jasminum, which meant Momordica and 
Jasminum acted predominantly as anodic inhibitors. HEDP, too, acted 
predominantly as cathodic inhibitor. The maximum IE of the plant extracts, 
evaluated through this technique, was more or less in agreement with those 
obtained employing weight loss technique. 
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Table 4.4: Electrochemical Polarization Parameters in the presence of 
plant extracts. 
* The concentrations of plant extracts are in ml/1 and that of H 
Inhibitor Cone* 
Blank 
Azadirachta indica 
3.0 
5.0 
6.0 
Cordia latifolia 
4.0 
5.0 
6.0 
Eucalyptus 
4.0 
6.0 
8.0 
Hibiscus 
5.0 
10.0 
15.0 
Jasminum auriculatum 
4.0 
5.0 
6.0 
Momordica charantia 
1.0 
2.0 
3.0 
Punica granatum 
0.4 
0.8 
1.2 
HEDP 
100 
200 
300 
Ecorr, mV v/s SCE 
-554 
-574 
-589 
-604 
-564 
-520 
-574 
-572 
-604 
-632 
-560 
-572 
-592 
-534 
-524 
-518 
506 
-512 
-524 
-558 
-566 
-572 
-564 
-568 
-570 
Icorr, HA-Cm'^  
35.0 
20.0 
15.0 
7.4 
22.6 
11.0 
3.5 
21.0 
10.6 
4.7 
24.2 
14.0 
7.5 
25.5 
13.4 
5.60 
20.2 
11.2 
6.8 
21.6 
16.0 
10.4 
20.6 
10.0 
3.5 
I E % 
~ 
42.86 
57.14 
78.85 
35.4 
68.5 
90.0 
40.0 
69.70 
86.57 
37.8 
60.0 
78.5 
27.0 
61.70 
84.0 
42.29 
68.00 
80.57 
38.28 
54.28 
70.28 
35.4 
68.5 
90.0 
EDP in ppm. 
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4.1.4 Impedance Studies 
Conducting impedance studies too assessed the nature of mechanism 
of corrosion of mild steel in 3.5% NaCI water by plant extracts. Table 4.5 gives 
the results of impedance studies. These results are also presented in the form 
of Nyquist plots. Fig. 4.10 to 4.16 shows the nyquist plots in the absence and 
presence of plant extracts. The charge transfer resistance, Rt, values 
increased in the presence of plant extracts. This further confirmed the 
inhibitive nature of plant extracts. The Nyquist plots showed loops for 
Momordica charantia, Punica granatum and Hibiscus. The presence of loops 
in the nyquist plots can be attributed to coverage of iron surface with 
intermediate species of the corrosion reaction (183). The values of double 
layer capacitance, Cdi, decreased significantly in the presence of extracts. The 
decrease in the Cdi values might have been caused by adsorption of some 
chemical species on the metal surface, which reduced the thickness of double 
layer charges around the metal surface. Results of the impedance studies 
were in agreement with those obtained using weight loss and potentiodynamic 
studies. 
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Table 4.5: Electrochemical Impedance Parameters in the Presence of 
Plant Extracts 
Inhibitor Concentration 
ml/1 
Blank 
Azadirachta indica 
3.0 
5.0 
6.0 
Cordia latifolia 
4.0 
5.0 
6.0 
Eucalyptus 
4.0 
6.0 
8.0 
Hibiscus 
5.0 
10.0 
15.5 
Jasminum auriculatum 
4.0 
5.0 
6.0 
Momordica charantia 
1.0 
2.0 
3.0 
Punica granatum 
0.4 
0.8 
1.2 
Rt, Q-cm^ 
310 
450 
860 
1800 
630 
940 
1460 
510 
930 
1540 
460 
610 
1600 
410 
950 
1850 
640 
1060 
1900 
490 
1120 
2000 
Cdi, nF-cm-^ 
4540 
3904 
1690 
880 
2773 
2091 
1561 
3650 
1340 
860 
3920 
3275 
2360 
4060 
2960 
1966 
2512 
1758 
816 
3668 
1389 
776 
IE% 
— 
31.11 
63.95 
82.77 
50.79 
67.02 
78.76 
39.21 
66.67 
79.87 
32.6 
49.2 
80.6 
24.4 
67.3 
83.2 
61.56 
70.75 
83.68 
36.73 
72.32 
84.5 
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4.1.5 Scaling Studies 
The scale formation in cooling water system is caused mainly by 
calcium (magnesium) carbonates and sulfates. The scale inhibition 
efficiencies of the plant extracts were worked out as described in section 
3.3.6. The tests were perfomned in aggressive environment, i.e., at higher 
levels of calcium saturation, LSI = +3. Table 4.6 summarizes the results of 
scaling studies. It is seen that the extracts of Azadirachta, Cordia and 
Eucalyptus significantly retarded scale formation and gave scale inhibition 
efficiencies above 90%. The order of scale inhibition efficiencies of the 
extracts was as follows: 
Azadirachta (98) > Cordia (95) > Eucalyptus (90) > Jasminum (82) > 
Punica (73) > HEDP (65) > Hibiscus (58) > Momordica (51). 
Table 4.6: Performance of Plant Extracts as Scale inhibitors. 
Calcium Concentration in Standard Stock Solution = 250 mg/1. 
Inhibitors 
Blank 
Azadirachta 
Cordia 
Eucalyptus 
Jasminum 
Punica 
HEDP 
Hibiscus 
Momordica 
Calcium concentration 
mg/l 
35 
245 
239 
228 
211 
192 
174 
160 
144 
Scale Inhibition 
Efficiency % 
97.6 
95 
89.7 
82 
73 
64.6 
58.1 
50.69 
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It is reported in literature (184) that the extract of azadirachta contains 
certain chelating compounds, the presence of these compounds might have 
caused scale inhibition. 
4.1.6 Calcium Tolerance Tests 
An important property of cooling water inhibitor is the ability to function 
in high calcium hardness water without forming calcium - inhibitor complex. If 
this complex does fonn, it gives rise to additional scale and loss of deposition 
control. To investigate whether any plant extract fomns the calcium complex, a 
calcium tolerance test, as described in section 3.3.9, was carried out for all 
the plant extracts. The results of the calcium tolerance tests are shovim in 
fig.4.17. It is seen that Azadirachta, Cordia, Hibiscus and Jasminum possess 
excellent calcium tolerance. However, Eucalyptus, Momordica and Punica 
showed poor tolerance, thereby limiting their use in high hardness water. 
HEDP, too, is reported to have very poor calcium tolerance and hence could 
not be used in high hardness water. 
4.1.7 Chlorine Tolerance Test 
Open evaporative cooling water systems are susceptible to microbial 
growrth. Chlorine or bromine based oxidizing biocides are often used to control 
the grov\rth of biofilms that promote metal corrosion. Compatibility with chlorine 
based biocides is a primary feature for inhibitors to be used in cooling water 
systems if optimum biocide performance is to be achieved. The chlorine 
demand tests for all the inhibitors were carried out as described in section 
3.3.10 The plant extracts examined have no chlorine demand as there was no 
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drop in the concentration of free available chlorine in the presence of extracts. 
The results of chlorine tolerance test confirmed chlorine compatibility of plant 
extracts, i.e., their performance would not be affected in the presence of 
chlorine based biocides. 
4.1.8 X-Rays Diffraction Analysis 
The XRD pattern of the mild steel specimens immersed in test 
solutions are shown in fig. 4.18. The patterns show only iron peaks 
corresponding to the 29 values of 44, 65 and 82°. It shows the formation of 
some kind of protective film on the metal surface, which prevents the 
conversion of iron to iron oxide (185). The iron peaks are lowered in presence 
of inhibitors, which too confinned the inhibition of mild steel. The XRD pattern 
confirmed that the protection of mild steel surfaces was due to formation of a 
protective film. 
4.1.9 Scan Electron Microscopy 
The SEM photographs of mild steel surface dipped in 3% NaCI water in 
the presence and absence of plant extracts are shown in fig. 4.19. A rough 
corroded surface is obtained in the photograph taken in the absence of plant 
extracts. The photographs obtained in the presence of inhibitors clearly show 
film formation. The study alongwith XRD clearly reveal the fact that the 
protection of mild steel surface in the presence of plant extracts was due to 
formation of adsortDed film on the metal surface. 
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4.1.10 Microbial Analysis 
The effects of plant extracts as cooling water biocides was found 
out by carrying out plate count tests as described in section 3.3.11. Out 
the seven plant extracts examined, only the extract of cordia has 
exhibited 100% efficiency in killing the biological organisms, while rests 
of the plant extracts were ineffective in inhibiting the growth of 
microorganisms. 
4.1.11 Mechanism of Inhibition 
Aqueous extracts of the plant materials investigated in the present 
study, were organic in nature and contain protein, terpenes, tannins, esters, 
calcium, carotene, thiamine, ascorbic acid, riboflavin, amino acids, flavonoids, 
etc., (172-175). Most organic inhibitors are compounds with atleast one polar 
unit having atoms of N, O, S, the polar unit is usually regarded as the reaction 
centre for the chemisorption process. 
As discussed in section 3.2, the constituents of the plant extracts examined 
are mostly composed of oxygen and nitrogen containing compounds. 
Adsorption of these constituent might have occurred through their N and O 
active centres. Further, amine type inhibitors have electron donating ability 
and could be adsorbed on metal (M) by electron donation of the N - atom 
(M:NH2R), and by bridging with the active hydrogen atom attached to the N -
atom(M;HNHR) (186). Most of the oxygen containing constituents of the 
extracts are hydroxy aromated compounds, eg.,tannins, flavonoids , etc. The 
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inhibitive properties of tannins have been studied by various scientists 
(187,188) and probable iron - tannate complex have been suggested (189). 
Furthermore, these compounds may form complexes with the metal cations. 
These complexes can cause blockage of microanodes and / or microcathode 
that are generated on the surface under corrosive conditions, and hence, can 
retard the dissolution of metal. The plant extracts obey Temkin's adsorption 
isothenn, i.e., they protected the surface through adsorption mechanism. 
Impedance studies, too, showed the adsorption of intermediate species of 
corrosion reaction on the metal surface. 
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4.2 Amino Alkyl Mercapto Triazoles as Inhibitors for 70/30 
Brass 
4.2.1 General 
Brasses are usually used as components in cooling water systems. 
Studies on the corrosion phenomenon of arsenic free 70/30 brass assume 
significance, as they are susceptible to a corrosion phenomenon known as 
dezincification wherein selective dissolution of zinc occurs. This chapter deals 
with the inhibitive action of three amino alkyl mercapto triazoles, namely, 
amino methyl mercapto triazole, AMMT, amino ethyl mercapto triazole, AEMT 
and amino propyl mercapto triazole, APMT, on the dezincification of arsenic 
free 70/30 brass in 3.5% NaCI water. The triazoles were synthesized, as the 
aqueous extracts of plant materials, successfully used as corrosion inhibitors 
for mild steel, were ineffective in preventing the corrosion of brass. The 
maximum corrosion inhibition efficiency exerted by plant extracts for brass 
was 30%. 
The performance of the triazole derivatives was evaluated using weight 
loss, potentiodynamic and impedance studies. Solution analysis was carried 
out to find the extent of dezincification. The weight loss experiments were 
performed under static as well as dynamic / flowing conditions. SEM and XRD 
tests were done to get the idea of the surface of the metal after inhibition. 
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4.2.2 Weight Loss Studies 
Table 4.7 gives the values of IE obtained at different concentrations of 
three triazole derivatives, namely, AMMT, AEMT and APMT. All the 
derivatives were found to inhibit corrosion of brass effectively. The IE 
increased with increase in triazole concentration till maximum IE was obtained 
at concentration of 200ppm. The order of IE was as follows: 
APMT (94.5) > AEMT (93.6) > AMMT (91.5) 
The IE of APMT was more than that of AEMT. This may be attributed to 
higher +1 (Inductive effect) of propyl group in comparison to methyl derivative. 
Pushpa (190) performed similar studies for corrosion inhibition of 70/30 brass 
by benzotriazole and 2-mercapto thiazole. The compounds tested exhibited 
78% inhibition efficiency. The results of the dynamic studies are also shown in 
table 4.7. It is seen that the IE remained nearly same under dynamic 
conditions, i.e., the flowing conditions did not affect the corrosion inhibition 
mechanism. Hence, the inhibitors can be effectively used for the corrosion 
prevention of cooling water systems employing brass components. 
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Table 4.7: Results of Weight Loss Studies under Static and 
Dynamic Conditions. 
Inhibitor Cone, 
ppm. 
Blank 
AMMT 
50 
100 
150 
200 
AEMT 
50 
100 
150 
200 
APMT 
50 
100 
150 
200 
Static Tests 
Corrosion Rate, 
mpy 
7.26 
2867 
1.466 
0.9801 
0.617 
2.279 
1.248 
0.617 
0.464 
1.851 
0.820 
0.544 
0.399 
IE% 
-
60.50 
79.80 
86.5 
91.5 
68.60 
82.80 
91.50 
93.60 
74.5 
88.7 
92.5 
94.5 
Dynamic Tests 
Corrosion Rate, 
mpy 
7.95 
— 
1.001 
~ 
~ 
0.890 
~ 
~ 
— 
0.747 
IE% 
~ 
~ 
— 
87.40 
— 
~ 
88.80 
_ 
— 
— 
90.60 
4.2.3 Potentiodynamic Studies 
The anodic and cathodic polarization curves in the absence and 
presence of triazoles are shown in fig. 4.20 to 4.22. It is seen that the curves, 
in the presence of triazole derivatives, have shifted to lov^er current regions, 
indicating the corrosion inhibition tendency of triazoles. The values of the 
various electrochemical parameters are summarized in table 4.8. It can be 
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noted that the Ecorr values have not shifted considerably in the presence of 
triazoles. Hence, all the triazole derivatives could be classified as mixed 
inhibitors, i.e., they inhibited both anodic and cathodic reactions. 
Table 4.8: Electrochemical Polarization Parameters 
presence of Triazoles. 
in the 
Inhibitor Concentration 
ppm 
Blank 
AMMT 
100 
150 
200 
AEMT 
100 
150 
200 
APMT 
100 
150 
200 
Ecorr, mV v/s SCE 
-230 
-236 
-234 
-228 
-230 
-232 
-236 
-216 
-220 
-228 
•corr, ^ A - Cm"^ 
8.20 
2.00 
1.50 
0.80 
1.60 
0.90 
0.50 
1.20 
0.80 
0.40 
I.E % 
~ 
75.60 
81.70 
90.24 
80.48 
89.02 
93.90 
85.36 
90.24 
95.10 
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4.2.4 impedance Studies 
Impedance tests were carried out to get the idea of the nature of inhibition of 
brass in 3% NaCI water by triazole derivatives. Table 4.9 gives the results of 
impedance studies. These results are also plotted in the form of Nyquist plots, 
shown in fig. 4.23 to 4.25. It is seen that the charge transfer resistance, Rt, 
values increased in the presence of triazoles. This further confinmed the 
inhibitive nature of triazole. Nyquist plots, in the presence of all three triazole 
derivatives, showed warburg impedance, meaning that the reaction was under 
diffusion control. This situation occurs when the electrode surface is covered 
with reaction product of limited solubility (191). Various scientists have shown 
that the triazoles form complexes with copper (192). Table 4.9 also gives the 
values of double layer capacitance, Cdi. The decrease in Cdi values, in the 
presence of triazole derivatives, shows the coverage of metal surface vwth 
reaction product that results in decrease in the double layer thickness around 
the metal surface. The inhibition efficiencies of triazole derivatives, evaluated 
through impedance techniques were in agreement with those obtained in 
weight loss and potentiodynamic techniques. 
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Table 4.9: Electrochemical Impedance Parameters in the presence of 
Triazoles 
Inhibitor Concentration, ppm 
Blank 
AMMT 
100 
150 
200 
AEMT 
100 
150 
200 
APMT 
100 
150 
200 
Rt, Q-cm^ 
2020 
11250 
10500 
26500 
14500 
27500 
42500 
23250 
29500 
51500 
Cdi, nF-cm'^ 
550.5 
142.80 
124.50 
74.21 
128.20 
73.5 
42.62 
102.24 
69.41 
32.19 
I.E. % 
~ 
81.50 
89.30 
92.15 
85.65 
92.40 
95.10 
91.05 
92.95 
95.96 
o lao 
X 
E 
u 
I 
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i 
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4.2.5 Solution Analysis 
In order to assess the extent of dezincification, solution obtained in 
weight loss studies was analyzed for copper and zinc. Table 4.10 shows the 
results of solution analysis. It is seen that preferential dissolution of zinc has 
occurred in the absence of triazoles. However, the dissolution of zinc 
decreased with increase in inhibitor concentration. At optinnum concentration 
of inhibitors, the zinc concentration in the solution was minimum and was 0.35 
mg/l. The results of this study indicate the effectiveness of triazole derivatives 
in inhibiting the dezincification of 70/30 brass. 
Table 4.10: Results of Dezincification Studies. 
Inhibitor Cone, 
ppm. 
Blank 
AMMT 
50 
100 
150 
200 
AEMT 
50 
100 
150 
200 
APMT 
50 
100 
150 
200 
Solution Analysis 
Zn, 
uglml 
3.362 
1.068 
0.862 
0.510 
0.436 
0.920 
0.634 
0.426 
0.396 
0.816 
0.620 
0.442 
0.35 
Cu, 
ixglml 
0.010 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
Eff ic iency of 
removal 
% 
Zn 
~ 
68.2 
75.43 
84.80 
87.03 
72.60 
81.40 
87.30 
88.22 
75.73 
81.55 
86.80 
89.60 
Cu 
— 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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4.2.6 X - rays Diffraction Analysis 
The XRD patterns of the brass surface in the absence and presence of 
triazole is shown in fig. 4.26. The XRD pattern of brass specimens immersed 
in 3% NaCI water containing triazole show a broad organic peak in lower 20 
values (192). Moreover, the intensity of peaks is lowered in the presence of 
triazoles. It is concluded from this study that a chemisorbed organic layer is 
formed on the metal surface, which inhibits the corrosion of brass. 
4.2.7 Scan Electron Microscopy 
The SEM photographs of brass surface dipped in 3% NaCI water, in 
the absence and presence of triazoles is shown in fig. 4.27. It is seen that the 
photograph of brass surface immersed in 3 % NaCI water in the presence of 
triazole is smooth as compared to the photographs obtained in the absence of 
triazole. It can be concluded from SEM and XRD studies that triazole forms 
complex on the brass surface and inhibits corrosion. 
4.2.8 Chlorine Tolerance Tests 
Compatibility with chlorine based biocides is an essential requirement 
for inhibitors to be used in cooling water systems. This test assumes great 
significance as certain triazoles are oxidized in the presence of chlorine. The 
chlorine tolerance tests were carried out as described in section 3.3.10. The 
chlorine tolerance test showed no reduction in free available chlorine after 24 
hours. This indicated that the triazole derivatives, used in the present study. 
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Brass dipped in 3% NaCI Water 
Amino Propyl Mercapto Triazole 
Fig. 4.27 Scan Electron Micrographs in the Presence of Triazoles 
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had no halogen demand and would continue to function as inhibitors even in 
the presence of chlorine based biocides. 
4.2.8 Mechanism of Inhibition 
The present study was conducted to assess the effect of amino alkyl 
mercapto triazoles on the inhibition of dezincification of brass. 
Potentiodynamic studies showed inhibition of cathodic as well as anodic 
reactions. Impedance studies showed warburg impedance, i.e., complex 
fomning tendency of triazoles with the brass surface. It has been reported by 
various scientists (192) that triazoles fomn complexes with copper. Solution 
analysis too showed absence of copper in the inhibited solution. XRD studies 
showed the presence of a broad organic peak. The inhibition of brass surface 
might have occurred due to complex formation of copper with triazoles. XRD 
and impedance studies support this mechanism. 
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4.3 Analysis of Blowdown 
4.3.1. Analysis of Environmental Parameters 
Disposal of cooling water blowdown poses a threat to environment as it 
may contain various pollutants. The blowdown of the cooling water system is 
usually discharged alongwith the effluent of the wastewater treatment plant of 
the industry. The blowdown of the cooling water system was analyzed for 
environmental parameters of concem, i.e., biochemical oxygen demand 
(BOD), chemical oxygen demand (COD) in addition to its toxicity for aquatic 
life. BOD and COD tests were performed as described in standards methods 
(182). The BOD test, usually a 5-day test, was conducted for 30 days to 
evaluate the nitrogenous oxygen demand as the 5-day BOD value only 
indicate the presence of carbonaceous form of organic matter. The 
nitrogenous oxygen demand is exerted after 8-10 days as the population of 
nitrifying organisms is less in a seed (bacterial culture) used for BOD 
detemriination. After 10 days, the nitrifying bacteria are grown in sufficient 
amount to convert nitrogenous organic matter into nitrates. Table 4.11 gives 
the values of BOD5, COD and nitrogenous oxygen demand. It is seen that the 
COD values, in the blowdown resulting from the application of different plant 
extracts, as inhibitors, were under pemnissibie limits, 200 mg/l (193). In case 
of Cordia and Hibiscus, the values of COD were slightly more than the 
pemiissible limits. The values of BOD5 were more than the pemnissibie limits 
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for disposal to surface water. The nitrogenous oxygen demand is zero in all 
the blowdowns except those resulting from the application of Cordia and 
Momordica. Conversion of ammonia nitrogen to nitrates is a two step process 
and two moles of oxygen are required for one mole of ammonia as per the 
following equation. 
NH3 + 2O2 -> HNO3 + H2O 
Table 4.11: Analysis of Blowdown for Environmental Parameters. 
inhibitor 
Azadirach 
Cordia lati 
z indica 
folia 
Eucalyptus 
Hibiscus 
Jasminum 
auriculatum 
Momordica charantia 
Punica granatum 
PH 
7.6 
7.8 
8.1 
8.0 
7.4 
7.2 
7.6 
BODs 
(mg/l) 
110 
82 
120 
78 
84 
64 
74 
COD 
(mg/l) 
160 
230 
170 
150 
140 
156 
106 
Nitrogenous 
Oxygen Demand 
mg/l 
Nil 
68 
Nil 
Nil 
Nil 
28 
Nil 
It is seen that 64 gm of oxygen are required for converting 17 gm of NH3 into 
HNO3. Referring to table 4.11, 68 mg/l is the nitrogenous demand for the 
blowdown from Cordia. This corresponds to ammonia-nitrogen concentration 
of 18 mg/l. 
Moreover, the blowdown, resulting from application of different plant 
extracts, possess light color. It is suggested that the blowdown may be cycled 
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through the effluent treatment plant of the industry, as the blowdown is quite 
less polluted as compared to the industrial wastewater. 
4.3.2 Tests for Aquatic Toxicity 
The toxicity of inhibitors to aquatic life in the receiving waters can most 
effectively and reliably be detennined by means of bioassays (194). The tests 
were carried in an aquarium maintained in the laboratory. One of the most 
common species of fish, channa punctatus, was used for the present 
investigation. Fishes of uniform size, about two inches in total length, were 
brought from the market and were transferred to the aquarium. The fishes 
were acclimatized for one week by holding and feeding them in conditions as 
nearly as possible to the field conditions. Inhibitor, whose toxicity was to be 
detennined, was added to the aquarium water in amounts equal to the 
concentrations of inhibitors used in flowing / dynamic studies. Toxicity tests 
were perfomned for 48 and 96 hours and the mortality of fish was examined in 
this period. Table 4.12 gives the results of aquatic toxicity tests. 
In the present study, all the aqueous extracts of the plant materials 
were tested for aquatic toxicity one after other. It is seen that none of the 
compounds was found to cause mortality offish. The results of this study lead 
to the conclusion that the plant materials, used as cooling water inhibitors, are 
safe to aquatic life and the discharge of blowdown, bearing these compounds, 
to surface waters would not affect the aquatic life. 
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Table 4.12 Report of Toxicity Analysis 
Test Fish Channa Punctatus 
Experimental Water 3 % NaCI Water 
Temperature 33° ± 5 C 
Number of Fishes 12 
Inhibitor 
Azadirachta 
Cotdia 
Eucalyptus 
Jasminum 
Hibiscus 
Momordica 
Punica 
AEMT 
Duration 
(hours) 
48 
96 
48 
96 
48 
^ 
) 
i 
96 
4P 
48 
96 
48 
96 
48 
96 
Number of 
fishes surviving 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
Percentage 
Survival 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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Cooling water treatment has assumed great importance due to strict 
environmental legislations on the content of the blowdown. Numerous 
breakthroughs have occurred in the formulation of cooling water inhibitors, the 
recent trend being the formulation of non-chromate environmentally safe 
inhibitors. Unfortunately, little research efforts have been directed towards the 
analysis of blowdowns and the toxicity of the compounds to aquatic life. The 
present study was undertaken with an aim to fomiulate environmentally safe 
green compounds as cooling water inhibitors. The study was carried out for 
mild steel and brass, more emphasis was laid on mild steel as it is the most 
common material of cooling water systems. 
Aqueous extracts of a number of plant materials, available in plenty 
and at very low cost in India, were tried as corrosion inhibitors for mild steel 
and brass. Out of the number of natural compounds tried, the following 
compounds exhibited excellent corrosion Inhibition of mild steel. However, 
these compounds were not effective in preventing the corrosion of brass. The 
compounds studied were Azadirachta indica, Cordia latifolia, Eucalyptus, 
Hibiscus, Jasminum auriculatum, Momordica charantia and Punica granatum. 
The .con-osion inhibition efficiencies of these compounds were evaluated 
under static as well as flowing conditions and with the help of weight loss, 
potentiodynamic and impedance studies. Anti-scaling and biocidal efficiencies 
of these compounds were studied. Calcium tolerance tests were perfonned to 
assess the efficacy of these compounds in water containing high calcium 
hardness. Compatibility of these compounds with chlorine, the common 
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oxidizing biocide for cooling water, was assessed through chlorine tolerance 
tests. The performance of these compounds was compared with that of 
HEDP, the commonly used cooling water inhibitor. HEDP was blended with 
the natural compounds so as to investigate possible synergism. Surface 
analysis was carried out with the help of SEM and XRD. 
As the natural compounds did not work for brass, a new series of 
triazoles, synthesized in the laboratory, were investigated for inhibition of 
dezincification of 70/30 brass. The performance of these compounds in the 
presence of chlorine was studied also. The blowdown of the cooling water 
was analyzed for pH, BOD, COD. Tests for aquatic toxicity were performed 
too. The following conclusions are drawn: 
1. The aqueous extracts of the studied plant materials were effective in 
preventing corrosion of mild steel and the order of IE was as Azadirachta 
(86.1 )> Cordia (84)> Momordica (82.4)> Eucalyptus (81.6)> Jasminum 
(81 )> Punica (79)> Hibiscus (76). 
2. The IE exhibited by the plant extracts were comparable to that of HEDP. 
3. Blending of HEDP with plant extracts has resulted in the enhancement of 
IE of the extracts of Azadirachta, Cordia and Eucalyptus. The increase in 
the inhibition efficiencies of other extracts was marginal. 
4. The IE of the plant extracts did not decrease under dynamic/ flowing test 
conditions. 
5. The corrosion inhibition by the extracts of Azadirachta, Cordia Eucalyptus, 
Hibiscus and Punica was predominantly under cathodic control. While 
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inhibition by Momordica and Jasminum was predominantly under anodic 
control. 
6. Impedance studies indicate the coverage of metal surface with 
intermediate species of con'osion reaction. 
7. The extracts of the plant materials follow Temkin's adsorption isotherm. 
8. The plant extracts were effective in preventing the scale formation. The 
extracts of Azadirachta, Cordia and Eucalyptus exhibited scale inhibition 
efficiencies over ninety percent. The scale inhibition efficiencies of other 
extracts were satisfactory. The order of scale inhibition efficiencies was as 
Azadirachta (98) > Cordia (95) > Eucalyptus (90) > Jasminum (82) > 
Punica (73) > HEDP (65) > Hibiscus (58) > IVIomordica (51) 
9. All the plant extracts except Cordia and Momordica showed better calcium 
tolerance, i.e., they would be effective under high calcium hardness 
conditions. 
10. The plant extracts were found chlorine compatible i.e., they had no 
chlorine demand. 
11. SEM and XRD studies indicate the presence of adsorbed protective film 
on the metal surface. 
12. The amino alkyl mercapto triazole derivatives proved excellent conrosion 
inhibitors for 70/30 brass. The order of IE was APMT (95.5)> AEMT 
(93.6)>AMMT(91.5). 
13. The triazole derivatives were effective under static as well as dynamic / 
flowing test conditions. 
114 
14. Potentiodynamic studies revealed the mixed nature of inhibition of triazole 
derivatives. 
15. Nyquists plots showed warburg impedance, indicating the diffusion control 
reaction mechanism. 
16. Selective dissolution of zinc occurred in the absence of inhibitors. 
17. The lowest concentration of zinc, achieved with optimum inhibitor addition, 
was 0.35 mg/l under the conditions of tests. 
18. The triazole derivatives were found chlorine resistant. 
19. The COD values in the blowdown of the cooling water systems were within 
the pennissible limits, while BOD values were slightly higher than the 
permissible limits. 
20. The nitrogenous oxygen demand in the blowdown resulting from the 
application of various plant extracts was nil except for Cordia and 
Momordica. This study indicates the absence of nitrogenous matter in the 
extracts possessing zero demand. This is advantageous as presence of 
nitrogenous compounds leads to eutrophication. 
21. The plant extracts were found safe to aquatic life as the bioassays 
conducted for toxicity to aquatic life showed zero mortality for all plant 
extracts. 
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